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Species are the basic units of life relative·to taxonomy, and a practical definition 
of species is imperative to paleontology in order to promote reproducible, unambiguous 
criteria for accurately interpreting past species relationships. The need for a well-defined 
rubric for identifying species is evident in the freshwater mussel assemblage (Family 
Unionidae) in the Hell Creek Formation. The Hell Creek Formation unionid species were 
first described by Whitfield in 1903 and 1907. His descriptions were often based on 
differences of a single trait. In 197 6, Russell reev~luated the original species descriptions, 
I 
I 
but still based the classification of species on only a few qualitative morphologic 
differences. These previous species diagnoses did not incorporate phenetics (based on 
morphologic similarity) or cladistics (based on evolutionary relationships). As a result, 
the assignment of morphologically similar specimens to previously defined species is 
sometimes problematic. Additionally, without more knowledge, certain species may not 
clearly be considered distinct. 
The goal of this study is to reevaluate four "sister" species sets in order to assess 
their validity as species using an analytical approach instead of relying on the traditional 
qualitative approach. Species diagnosis on the basis of a single trait or very few traits, as 
employed in the previous species descriptions, is not likely adequate to support the 
classification as distinct species or to show the relationships among species. To test the 
Xll 
validity of species in the Hell Creek Formation, an extensive database of quantitative and 
qualitative character traits was constructed to be applied to various quantitative models. 
The morphological distinction of each species was ascertained by using discriminant and 
cluster analyses. The species distinction based on evolutionary relationships was also 
tested using cladistic methods. 
Comparing morphologic differences without quantitative analysis, all eight 
species display significant morphologic differences, implying that they are discrete 
species. Discriminant analysis distinguished all eight species on the basis of quantitative 
traits; however, many sister species were indistinguishable solely on the basis of 
qualitative traits. Cluster analysis displayed apparent structure in the dendrogram that 
loosely applied to eight distinct species, but in some cases, there was substantial 
intermixing of specimens otherwise assigned to the recognized species observed in the 
clusters. Cladistics displayed minimal resolution in the phylogenetic relationships 
between species and was not able to distinguish between sister species on the basis of the 
criteria given. The results herein suggest that each species is distinct on the basis of their 
morphology as shown by species comparison with and without quantitative models. 
Interpretation of the evolutionary relationships among the species shows that each sister 






A textbook definition of a species describes it as the fundamental unit of 
taxonomy in nature ( e.g. , Prothero, 1998). Actually identifying veritable species in nature 
can be rather difficult. When species were first being identified, there was much more 
concentration on naming large numbers of new species and thus, they were described 
based solely on their unique structures and form. frogress in taxonomy has brought about 
I 
I 
more explicit methods for diagnosing species, such as those based on body function, 
biochemistry, behavior, and genetic composition. Using affinities that would be more 
related to an organism's evolutionary history, like genetics, and less to its ecology 
provides a substantial increase in the accuracy of diagnosing species. 
A species concept, as used for this study, refers to any criterion or method used to 
distinctly diagnose a species. As a whole, species concepts represent the collection of 
interpretations on the most accurate and reproducible methods of identifying a species. 
Currently, the most widely used approaches to describe species are the biological species 
concept and the evolutionary species concept. 
The central concept to the biological species concept is that a species is derived 
from a biparental population or group of such potentially interbreeding populations that 
1 
produce fertile offspring (Mayr, 1942). These offspring would then be naturally (sexually) 
reproductively isolated from individuals belonging to other species, which defines them · 
as distinct species. The process of forming a new species, called speciation,·results 
through the isolation of a population from the parent populations. Several types of 
., 1 
isolation mechanisms are responsible for creating new species. These include habitat, 
behavioral, temporal, mechanical, or gametic isolation. All of these types of isolation 
happen prezygotically and form certain barriers that prevent organisms from 
interbreeding. Barriers can also happen postzygotically which inhibit the survival of the 
offspring after hybridization, but these are more difficult to measure. Combining all 
: mechanisms of isolation, there are two main types of speciation within populat1ons. 
Allopatry, or speciation by physical isolation, prevents the flow of genes through 
geographic barriers. This would include features such as mountain ranges, island 
distribution, rivers, or oceans. Intrinsic factors , or sympatry, produce speciation through 
reproductive isolation when an advantageous mutation becomes adaptively important in 
small populations. In either case, within an isolated population, either by geography or 
reproduction, with reduced gene flow, an advantageous mutation has a more likely chance 
of being passed down to the offspring. With time, and if the population remains isolated, 
a new species will eventually form similar to the original species, but no longer able to 
interbreed. 
The process of population isolation and gene flow can more readily be measured 
in modem populations to assess the validity of species. These concepts are not practical 
or possible for interpreting fossil species. The evolutionary species concept defines a 
2 
species as a series of ancestral and descendent populations that evolve independently of 
other groups, each maintaining its own unique role in the environment with unique 
natural selection forces (Simpson, 1961). This approach is important when studying the 
fossil record because a paleontologist does not view a species as a stable entity within a 
living environment. A species exists serially in geologic history, and it is more beneficial 
to view the entire lineage of the species rather than one single population or a number of 
populations at a single time. By studying the complete lineage, paleontologists better 
understand the origin and evolution of a species, which will in turn help properly define 
the species through the sharing of common ancestor-descendent relationships. This sort 
of species diagnosis is only possible by examining the stratigraphic record in conjunction 
with the evolutionary species concept. 
Sister Taxa 
The term "sister taxa" can be applied to any group of organisms that share a recent 
common ancestor (Freeman and Herron, 2004). On a cladogram, an example of sister 
taxa would be displayed as two terminal taxa on a single branch. These taxa may be quite 
similar in appearance as well as genetic makeup, although they still remain separate 
entities. Sister taxa may represent any lower taxonomic unit, i.e., family, genus, species, 
but for this study the term sister taxa denote species. Here, sister species refer to two 
closely related species of the same genus which share noticeable morphological 
similarities and potentially the same common ancestor. 
3 
Previous Studies 
Meek and Hayden (1856) were the firs! to describe the occurrence of freshwater 
mollusks in the Williston Basin. Although they did not describe any species from what 
would later be called the Hell Creek Formation, their work establishes the foundation for 
how species would be described and interpreted for nearly a century. Initially, all unionid 
species that occurred in the Hell Creek Formation were categorized into the 
comprehensive genus Unio, which, despite the known existence of several unionid 
genera, was a general practice at that time (Whitfield, 1903, 1907). This genus 
encompassed any freshwater mussel with a well-developed hinge dentition. Whitfield 
described these species of freshwater mussels from what was called the Laramie Group, 
or more specifically, the Laramie clays. Originally, the shell material from these beds was 
described by Barnum Brown in 1902 as occurring 120 feet above the Pierre Shale mostly 
from a locality called Snow Creek (Whitfield, 1903). At the time, this assemblage was 
not recorded as part of the Hell Creek Formation; however, it is clear that these unionids 
were indeed part of the formation. 
With further taxonomic work in the Hell Creek Formation, Russell (1976) was 
successful in placing the species belonging to Unio into several more specialized genera 
(Table 1). Russell's assignment of Hell Creek Formation unionids was based on the 
examination of Whitfield's type specimens from the Brown collections. He also applied 
previous attempts of correlating the species of Unio with known extant genera (Cockerell, 
1907) and established, but not utilized, extinct genera (Pilsbry, 1921) to his classification 
of Hell Creek species. Some of the species possessed significant similarities to the 
4 
Table 1. Hell Creek Formation Unionidae 
Genus Species Extinct at KIT Sculpture 
brachyopisthus * Yes Dorsal only 
. Plesielliptio postbiplicatus * Yes Dorsal only 
gibbosoides (stantoni) * Yes Dorsal only 
whit.fie/di* Yes Dorsal only 
sp. 1 Yes Dorsal only 
sp.F Yes Dorsal only 
Plethobasus aesopiformis * Yes Highly 
biesopoides * Yes Highly 
Pleurobema cryptorhynchus No None 
barnumi Yes Highly 
corbiculoides Yes Highly 
Proparreysia 
cf P. corbiculoides Yes Highly 
holmesiana Yes Highly 
letsoni* 
i Yes Highly I 
paucinodosa Yes Highly 
percorrugata Yes Highly 
pyramidatoides Yes Highly 
pyramidella Yes Highly 
retusoides Yes Highly 
verrucosiformis * Yes Highly 
sp. form W Yes Highly 
Quadrula cylindricoides No None 
Rhabdotophorous cf R. aldrichi No None 
Rhabdotophorous? cf. R. aldrichi No None 
cf Strophitus sp. Yes None 
"Unio " subtrigonalis Yes None 
"Unio" sp. 2 Yes None 
"Unio " sp. -gigantoclam Yes Highly 
* Study species 
5 
morphologies defining modem genera, and were placed into genera like Plethobasus and 
Quadrula . The species that could not be readily assigned to modem genera were placed 
into new genera created on the basis of superficial similarity to modem genera. These 
derivative genera include Plesielliptio, for its resemblance to the genus Elliptio, and 
Proparreysia , for its resemblance to the genus Parreysia. 
Aside from the Hell Creek Formation, similar unionid morphotypes of a 
comparable age exist in other locations. White (1876) described Unio brachyopisthus 
from the Bitter Creek Group (Lower Tertiary of Wyoming), which is the origin of the 
Plesielliptio brachyopisthus species name of the Hell Creek Formation. Stanton (1916) 
studied nonmarine mollusks from the Cretaceous San Juan Basin in New Mexico. Even 
though these mollusks represent a different paleogeographic region, they are nearly 
contemporaneous with the Hell Creek Formation fauna. Stanton described several 
species, including Unio brachyopisthus, that were quite similar to Hell Creek forms, 
although, he still placed them into the genus Unio. 
General Geology and Paleontology of the Hell Creek Formation 
The Hell Creek Formation is the focus of extensive study primarily due to the 
presence of a terrestrial Cretaceous-Tertiary boundary section near, or at the top, of the 
formation, but also for its rich faunal and floral components. The formation occurs in the 
western plains of the United States, and specifically in the Williston Basin area of 
Montana and North and South Dakota. The first investigators to actually describe strata, 
now recognized as belonging to the Hell Creek in the Williston Basin area, were Meek 
and Hayden in 1856 (Hartman, 2002). They were able to determine the geologic age of 
6 
the section, but believed it to be the upper part of the Fox Hills Formation instead of 
being a distinct formation. The Hell Creek Formation was then distinguished from the 
underlying and overlying rock units by Barnum Brown (1907) based on its faunal and 
floral content (Hartman, 2002). The Hell Creek Formation)s frequently characterized by 
., 
its dinosaur, freshwater mussel, mammal, and floral components (Hartman, 2002). The 
mollusks and age of the Hell Creek Formation can be correlated with the earlier named 
Lance Formation of the Powder River Basin in eastern Wyoming (Hartman, 2002). 
The study area is located in the Fort Peck Reservoir area, Garfield County, eastern 
Montana in the western part of the Williston Basin (Fig. 1). In this area, the sequence of 
Upper Cretaceous exposures begins with the marine Pierre Shale ( or Bearpaw Shale), 
which is overlain by the marginal marine Fox Hihs Formation (Fig. 2). The 
predominantly nonmarine Hell Creek Formatio°: overlies the Fox Hills Formation and 
represents the uppermost Cretaceous (Maastrichtian) of the Williston Basin. In most 
areas, the Z coal bed separates the Hell Creek from the overlying Paleocene nonmarine 
Fort Union Formation. Generally, this horizon corresponds to the KIT boundary, but in 
certain Williston Basin exposures, the very base of the Fort Union Formation lies below 
the KIT boundary (Hartman, 2002; Nichols and Johnson, 2002). 
The KIT Boundary 
Traditionally, through the application of "Brown's Formula," the KIT boundary 
was placed at the first continuous lignite that lies above the highest stratum containing 
dinosaur fossils (Archibald, 1982). Currently, the boundary is defined on the basis of 
palynomorph abundances and the presence of an iridium anomaly associated with an 
7 
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Figure 1. Distribution of localities in the Hell Creek and Fort Union Formations. 
8 
extraterrestrial impact (Alvarez et al. , 1980; Nichols, 1990). Increased iridium 
concentrations and shocked minerals, resulting from a bolide impact are utilized to 
precisely locate the KIT boundary. Before the recognition of the iridium anomaly, the 
boundary was defined by the lack of typical Upper Cretaceous palynomorphs and the 
subsequent dramatic increase in pteridophyte (fem) spores due to biotic succession after 
ecosystem devastation. Palynological evidence is coincident with the impact layer and 
can be used to correlate the KIT boundary in nonmarine sections. The end of the 
Cretaceous also saw the demise of many terrestrial and aquatic organisms. Numerous 
nonmarine mollusks, along with the widely studied dinosaurs, did not survive the end of 
the Cretaceous. The most notable molluscan extinction is the disappearance of the highly 
sculptured unionids, such as the genera Proparreysia and the Hell Creek Formation 
species of Plethobasus. The highly sculptured taxa go extinct several meters below the 
boundary, and only the unsculptured and dorsally sculptured taxa are observed in the 
Paleocene (Table 1). 
Lithology and Paleogeography 
The Hell Creek Formation is ofLancian age (North American Land Mammal 
Age), which represents the late Maastrichtian. It is variously conformable and 
unconformable with the underlying Fox Hills Formation. In Montana, the Hell Creek 
Formation consists of yellowish gray to olive gray and brownish black carbonaceous 
siltstone and shale lithosomes, with some areas of gray to light brown, calcareous 
sandstones (Condon, 2000). The Hell Creek in North Dakota consists of mainly channel 




carbonaceous claystone units (Murphy et al., 2002). Depending on its location, the 
formation can range from 60 to 100 m in thickness, but is not as widely distributed as the 
Bearpaw or Pierre Shales or the Fox Hills Formation (Murphy et al. , 2002). Hell Creek 
exposures occur along the Missouri River in the badlands of North Dakota and Montana 
and in the badlands of the Little Missouri River in southwestern North Dakota. 
In the Cretaceous, the Western Interior Seaway covered much of the western and 
southern United States (Fig. 3). This extensive seaway reached its maximum extent in the 
Cretaceous around the time of the deposition of the Pierre Shale and then started to retreat 
to the north and south. As the sea level fell, a new landscape was free for a new biota to 
move in and substantial river and lake systems to develop flowing down from the 
Laramide mountains and prograde with the regre~sing seaway. The Hell Creek Formation 
is considered to represent deposition in a nonm~ne environment dominated by fluvial 
channels, flood plains, and adjacent lakes that occupied the newly opened terrestrial 
realm. In general, the Hell Creek Formation is of freshwater and terrestrial origins, but in 
Montana, the lowest few meters of the formation are marine influenced (Flight, 2004). In 
North Dakota, marine strata in the lower part of the Helf Creek Formation are called the 
Breien Member. This member, located in the eastern portion of the Williston Basin, 
clearly represents a smaller transgression of the Western Interior Seaway within the 
apparent general regressive sequence of the Upper Cretaceous. 
Paleontology 
Most of the fossil localities were obtained from crevasse splay deposits associated 







































~ Primarily brackish or marin• unit. 
Figure 2. Stratigraphy of the Hell Creek Formation area (modified from Hartman, 2002) 
(Modified from Erickson, 1999) 
Figure 3. Generalized paleogeography of the Upper Cretaceous Western Interior 
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Hell Creek Formation consists of mostly terrestrial and freshwater components, although 
there are examples of marine and brackish taxa associated with the Breien Member. The · 
vertebrate component consists of fish, amphibians, lizards, turtles, crocodilians, 
champsosaurs, dinosaurs, birds, pterosaurs, and mammals (Pearson et al., 2002). Of 61 
total taxa analyzed, they identified 13 dinosaurs, nine turtles, nine fish, and six mammals 
(Pearson et al. , 2002). Although the Hell Creek Formation receives most of its attention 
for the dinosaur content, there is also a diverse invertebrate assemblage. The most 
abundant invertebrate component is freshwater bivalves and gastropods, but there is also 
a limited terrestrial gastropod record. Lastly, there is a noticeably diverse mega- and 
microfloral component. The megaflora contains 380 species of angiosperms, conifers, 
cycads, fems, and bryophytes (mosses), with the most diversity and abundance displayed 
in the angiosperms (Johnson, 2002). The micro flora (palynoflora) contains at least 100 
species, where there are 68 species of angiosperms, eight gymnosperms, 19 pteridophytes, 
and three bryophytes (Nichols and Johnson, 2002). 
· Unionid Morphology 
Unionid morphology, of the order Unionoida, is similar to the general morphology 
of all bivalves. The shell consists of a series of accreted nacreous layers evident by the 
lateral curving growth lines that appear across the external surface of the shell. The two 
valves are connected on the dorsal margin at a hinge that runs anteroposterior from the 
beak. The valves open and close along this hinge line by a set of adductor muscles 
occurring, in unionids, near the anterior and posterior margins of the shell. The 
postumbonal area along the hinge line is the escutcheon, and the preumbonal smaller area 
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is called the lunule. The body of the animal is usually present in the dorsal region and 
attaches to the ventral part of the shell at the pallial line (Fig. 4), which varies in shape 
between genera and species. Along the interior hinge line of the shell is the dentition, 
which, in general, consists of a set of cardinal teeth, or pseudocardinal in unionids, usually 
situated under the beak, and a set of lateral teeth that extend right along the· dorsal margin, 
posteriorly from the beak. In other words, the cardinal teeth appear to radiate from the 
beak, while the lateral teeth extend longitudinally from the beak (Cox et al., 1969). 
Bivalve dentition is often a useful characteristic for distinguishing bivalves. 
Bivalve dentition can be classified into at least six distinct dentition types. Unionids are 
categorized as having the heterodont dentition type, which was first classified on the basis 
of distinctly separate cardinal and lateral teeth. 'this is no longer the case for all bivalves 
possessing heterodont dentition (Cox et al., 196?)-Nevertheless, for unionids, the 
distinction is evident as the (pseudo )cardinal teeth appear much shorter and more robust 
compared to the slender, elongate lateral teeth. What separates cardinal teeth from what is 
termed pseudocardinal is the pseudocardinal teeth's apparent similarity to the typical 
cardinal teeth, but with a noticeably irregular shape (Cox et al. , 1969). Although this term 
is not universally accepted, for the purposes of this study, the teeth will be referred to as 
pseudocardinal. 
The size and shape of bivalves also tend to fluctuate greatly among members of 
this class, and comparatively among the unionids as well. The size of unionids can vary 
on the order of 1 OOs of millimeters from the smallest to the largest of species, while the 
















Potentially, it may be this drastic variation in size and shape, along with dentition 
differences, that will solidify the discrimination of Hell Creek Formation unionids for the 
present study. 
The Hell Creek unionids are all members of the Family Unionidae, which is part 
of the Superfamily Unionoidea (Table 1 ). The morphology of the family is similar to the 
typical morphology of the Order (Unionoida), notably the order's variation in size and 
shape. Again, the hinge dentition, containing two cardinal and two lateral or lamellar 
teeth in the left valve with corresponding sockets in the right valve, provides significant 
information pertaining to the classification oftaxa (Cox et al., 1969) (Fig. 4). Some 
researchers think that the placement and shape of the lateral teeth in Unionoidea is not 
consistent with the typical lateral teeth as seen in other heterodonts and should be 
considered modified cardinal teeth. For the purposes of this study, they will be 
characterized as lateral teeth (Cox et al., 1969). 
The surface sculpture of some members of Unionoidea and Unionidae is apparent 
as a combination of ridges, nodes, knobs, or even spinose projections, and yet other 
members possess no surface sculpture except the inherent growth lines (Fig. 4). This is 
also evident throughout species of Hell Creek Formation unionids. Genera, such as 
Proparreysia, contain various assortments of the ridge and/or node type sculpture, while 
genera, like Plesielliptio or Pleurobema, are virtually without shell sculpture. Though this 
sort of sculpture is likely a function of ecology, and therefore not as essential to generic 
discrimination, it is useful in the separation of taxa into major groups and potentially 
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species. The analysis of the varying degree of sculpture may also prove to be helpful in 





The taxonomy of Hell Creek Formation unionids has changed dramatically 
through the years, and as a result, there are certain species that have the potential to be 
reassigned. This is especially true in regard to several sets of similar species, or sister 
species, that appear almost identical with the exception of a few characteristics. These 
sister species reside in the same genus and maintain the same generai appearance, but 
differ in a noticeable trait that led researchers to place them in separate species. For this 
study, four of these sister-species pairs were chosen that are commonly misidentified or 
misdiagnosed. Four highly sculptured species were chosen: Plethobasus aesopiformis, 
Plethobasus biesopoides, Proparreysia letsoni, and Proparreysia verrucosiformis. Also, 
four dorsally sculptured species all within the genus Plesielliptio were chosen. They 
include P. gibbosoides, P. whitfieldi, P. postbiplicatus, and P. brachyopisthus. All of 
these species, to date, have been separated from their sister species on the basis of 
minimal character traits. For example, Plethobasus aesopiformis has one row of nodes 
curving posteroventrally on the shell surface, while Plethobasus biesopoides has two 
rows of nodes . When these species were first described by Whitfield (1903, 1907), they 
were 
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differentiated solely, and somewhat haltingly, on this trait. The hypothesis is that species 
diagnosis on the basis of a single trait is not sufficient for meaningful classification and 
interpretation of evolutionary relationships. Therefore, these species must be re-examined 
for definitive species discrimination. 
Field Methodology 
For this project, substantial work in .the field was not required due to the extensive 
sampling of the Hell Creek Formation unionids by Dr. Joseph Hartman. Only secondary 
collecting in the summer of 2003 was undertaken to specifically increase the sample size 
for the study species. For the entire sample, specimens were collected from a number of 
localities, both geographically and stratigraphically, throughout the Hell Creek Formation 
in Montana. As a result, the sample is not biased to one specific area or stratigraphic 
level, making the sample a diverse assemblage of the study species that spans an array of 
different river ecologies and times from the Hell Creek Formation. 
In the field, no attempt was made to prepare the specimens, but only to secure 
them for safe transport. The specimens were collected from both surface scatters and 
from in place beds. For the purposes of this study, there was no selection preference 
towards either float or in situ specimens due to the concentration on species morphology. 
Specimen selection was based on the degree of completeness for purposes of character 
trait measurement. Entirely complete specimens were desirable, but specimens that 
maintained intact anterior and dorsal margins, with at least partially complete ventral 
margins, were also collected. 
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Laboratory Methodology 
For each study species, roughly 30 of the most complete and least altered 
specimens were chosen to create each species set. For a quality sample set, there must be 
a general equality between the number of right, left, and articulated valves. However, due 
to the postmortem disarticulation of valves in bivalves, at some localities articulated 
specimens were rare and only make up a small percentage of the sample. Specimens were 
obtained from as many localities as possible in order to ensure that there was no bias in 
the collection. Nevertheless, certain localities (L6666) maintained a much higher quality 
of preservation, so each sample set contains a higher percentage of specimens from these . 
localities. Each species set consisted only of suspected adult specimens to represent the 
most accurate portrayal of a complete "adult" morphology. Since there is little known 
about the true ontogeny of these fossil mussels, there is no way of determining how 
morphological change actually occurs from juvenile into adulthood. Thus there can only 
be speculation as to the distinction between juvenile and adult morphologies. For the 
species examined for this project, it was assumed that a specimen with a maximum length 
less than 30 millimeters was considered juvenile and therefore excluded from analysis. 
To construct the most usable species set, specimens were added in a series of 
selection stages based on diminishing completeness. The first stage represented selection 
of the most thoroughly complete specimens, which included only specimens that 
possessed a complete marginal outline and unobstructed interior. An "unobstructed 
interior" refers to whether or not the internal morphology, including dentition, umbonal 
cavity, and muscle scars, can be accurately measured. During the next stage of collection, 
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specimens that possessed nearly all of the measurable character traits, but were slightly 
damaged or weathered, were added to the species set. These specimens would include 
those with slightly broken posterior margins, weathered external surfaces, etc. This 
process of selection continued until there were enough specimens to construct a proper 
species set that possessed at least a majority of measurable character traits. After each 
species set was assembled, each specimen was prepared, numbered, and cataloged. 
The specimens were prepared using dental picks and brushes to carefully remove 
any sediment that obscured character trait measurement. After the initial dry preparation, 
the specimens were carefully washed to remove any residual sediment. Washing allowed 
for more precise analysis of less pronounced character traits, such as growth lines and 
muscle scars, and for better photographic quality. 
Each specimen received a specific specimen number, or Hartman S-number, 
consisting of four digits, which was recorded both in a database and on the specimen. The 
specimen's location and collection information were also recorded in a database along 
with its proposed genus and species names, valve type, and specimen condition. The 
valve type was reported simply as right valve, left valve, or articulated, and the condition 
of the specimen was reported with respect to the amount and location of any breakage or 
wear on the shell surface. 
Software 
Several computer software programs were utilized for character trait measurement 
and data analysis. Adobe® Photoshop® is a program designed to manipulate and enhance 
digital images. This program was used to measure several character traits, as well as 
20 
prepare specimen images for diagrams and plates. CorelDRA W®, a program similar to 
Photoshop®, was used to create diagrams and obtain certain character trait 
measurements. The spreadsheet manipulating program, Microsoft® Excel, maintained the 
character trait data spreadsheet and created graphs to analyze the relationships between 
the character traits. 
Character Traits 
Measurement 
Traits were measured in sister species pairs, measuring each individual specimen 
for as many traits as could be accurately obtained. In certain cases, breakage, wear, or 
obstruction prevented some character traits from being measured in some specimens. In 
these cases, the hindered measurement received no notation in the database. 
The character traits that were measured were chosen based on several criteria 
essential to the success of this study. Because of the nature of fossilization, certain traits 
common to taxonomic studies, like any trait related to the animal itself, could not be 
utilized. Therefore only features contained in the internal and external morphology of the 
shell were used for species diagnosis. For this specific study, certain shell characteristics 
were chosen for analysis based on their potential to properly distinguish the species in 
question. Also, due to the length of time the specimens were exposed to weathering, the 
character traits chosen had to have the ability to be measured accurately from a fossil 
specimen. Note, that the Hell Creek Formation specimens used in this study are 
remarkably well preserved and generally unaltered. Finally, each measurement taken must 
be reproducible for the purposes of further study. Therefore, the process of each character 
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trait measurement must have the ability to be described in detail for future researcher 
utilization. 
To begin species discrimination on the basis of shell morphology, several external 
and internal shell characteristics were measured to show variability between species. The 
external characteristics essentially describe the shell, and these would include all types of 
sculpture, shell robustness, and marginal outline shape. Internal characteristics refer to all 
the traits seen inside the shell, which include the dentition, umbonal cavity, and the 
muscle attachment scars. 
Shell Size 
Basic Size Parameters 
To provide a base with which all other character traits could be compared, the 
overall size of each specimen was determined. The maximum size of the specimen must 
be measured in order to achieve a sense of the difference between morphological 
variability due to taxonomy and the morphological variability due to ontogeny. To 
achieve an overall representation of size, the specimen's maximum length, maximum 
height, beak length, dentition length, and maximum disc convexity were measured. All 
size measurements were obtained through digitally scanning the interior surfaces of each 
specimen into the computer and using Photoshop® to derive the values. This process was 
employed to convert the three dimensional, irregularly shaped specimen into easily 
manipulated, two dimensional digital images. When measuring character traits on actual 
specimens, there is the potential for substantial error. First, each specimen must be 
specifically oriented before any measurements can be taken. This is to assure that there is 
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uniform measurements in all specimens and to promote process reproducibility. However, 
once the specimen is oriented properly it becomes difficult to locate an appropriate 
surface to take an accurate measurement. As a result, it was necessary to digitize the 
specimen in order to achieve the most accurate measurable surface of the specimen. Once 
digitized, every specimen was oriented so that the horizontal line connecting the posterior 
end of its lateral tooth and the cusp of its cardinal tooth was parallel with the ruled guides 
in Photoshop®. From this point, measurements of all size parameters became systematic 
and easy to accomplish. 
The maximum length of a specimen refers to its maximum anterior-posterior 
length. It was accomplished by measuring the distance between the apices of the 
maximum curvature of the anterior and posterior margins (Fig. Sa). In these unionids, it is 
commonplace for the posterior end of the shell to break off during typical biostratonomic 
(postmortem) processes that result in the posterior end being missing from a modest 
amount of the study specimens. If enough of the posterior was intact, a maximum length 
was estimated through comparison of the intact growth lines to the overall size of the 
specimen. In those instances where most of the latter half of the shell was removed, the 
maximum length measurement remained incomplete for that specimen. The length was 
measured using the guideline tool in Photoshop® to achieve a distance to the nearest 
hundredth of a millimeter. The process of measuring the maximum height is similar to the 
maximum length and refers to the distance between the maximum curvature of the ventral 
surface and the highest point on the umbo (Fig. Sa). This distance was also measured (to 



















Figure 5. External quantitative measurements A. Maximum length and height; 
B. Disk convexity; C. Beak and dentition lengths; D. Robustness, E. Node prominence; 
F. Angle of the posterior slope. 
24 
maximum length with its maximum height should give an idea of size ranges for each 
individual species, especially when comparing sister species sets. The beak and dentition 
length simply give an idea of the beak placement relative to the anterior margin and the 
size of the entire dentition, respectively. The beak length is measured as the distance from 
the vertical line drawn at the maximum curvature of the anterior margin to the vertical 
· line representing the location of the beak (Fig. Sc). The dentition length refers to the 
horizontal distance from the cusp of the cardinal tooth to the posterior end of the lateral 
tooth (Fig. Sc). Both measurements, like maximum length and height, were accomplished 
using the guideline tool in Photoshop® and were measured to the nearest hundredth of a 
millimeter. The last general size parameter measured was the maximum disk convexity. 
Unlike the previous size measurements, disk codvexity refers to the maximum width of 
the shell viewed dorsally (Fig. Sb). The actual m.easurement is obtained along a horizontal 
line placed at the base of the hinge line and the maximum curvature of the shell's external 
surface curvature to the nearest tenth of a millimeter. The disk convexity refers only to 
the curvature of the shell and does not include any added width from shell sculpture (e.g. , 
nodes). 
Robustness 
The robustness of the shell refers to the thickness of the shell, or the thickness of 
the amount of shell material accreted by the particular specimen. Because robustness 
varies within the shell, measurements were taken at four different locations to achieve an 
overall depiction of shell thickness (Fig. 5d). The anterior robustness, or "robustness l ," 
measures the thickness of the shell at the intersection of the pallial line and the anterior 
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adductor muscle scar. The second point of measurement, "robustness 2," was taken along 
the line connecting the midpoint of the anterior and posterior adductor muscle scars. The 
reason for this measurement was to gather a general robustness of the region inside of the 
shell margins, and the exact location of the measurement was used to heighten 
reproducibility. Posterior robustness, "robustness 3," was measured at the posterior end of 
the lateral teeth directly anterior of the uppermost point of the posterior adductor scar. 
This also measures the maximum thickness of the hinge line and could also be called 
hinge robustness. The final measurement point, "robustness 4," lies at the center of the 
umbonal cavity taken upwards to the apex ofumbo. This measurement provides an idea 
of the thickness of the umbonal region, which has been observed to vary between species 
and genera. 
Posterior Slope 
The posterior slope appeared quite prominent in some species compared to both 
their sister species and to the other species, so to compare its prominence, the angle of the 
slope was measured. The measurement was accomplished using a geologic (Silva®) 
compass to record the dip to the nearest whole degree (Fig. Sf). The compass was placed 
at the point on the slope where the dorsal margin begins to curve convexly. If there was 
no measurable slope, the trait was recorded as "not prominent." 
Shell Shape 
The marginal outline shape provides a descriptive representation of the shape of 
the shell and is usually quite characteristic of at least the sister species set, if not 
individual species. The strong variation of the .outline shape seen in each specimen makes 
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it difficult to accurately describe the overall outline shape. Therefore, all four margins 
were described individually for each specimen, and also a general marginal outline shape 
was described for each species. Firstly, the scanned image of each specimen was 
transferred into CorelDRA W® where a solid line was drawn around the shell depicting 
its marginal outline shape, which excluded the area above the hinge line. The beak was 
used as a reference point to compare specimens (Fig. 6a). For the general description of 
the entire marginal outline shape, all the outlines for each species were adjusted to 
equivalent sizes and superimposed according to their x-(ventral margin) and y-(vertical 
line representing the placement of the beak) axes. Subsequently, a new outline was drawn 
to represent the average of all outlines for each species, and from there a general 
descriptor could be assigned for each species. Fdr this study, orbicular (round) can be 
described as an outline closely resembling a circ.le (adapted from Burch, 1975). The 
remaining descriptors that were employed included elliptical, or an outline similar to a 
more elongated ellipse, and ovate, or an outline closer to a rounded oval. Secondary 
descriptive words were added to more accurately describe the outline shape for each 
species. When the process was completed, the outline shape was categorized as one of the 
following: orbicular, ovate, ovate trigonal, ovate elliptical, and elongate elliptical (Fig. 7). 
In addition, each individual margin (anterior, posterior, dorsal, and ventral) contained 
both a descriptor for its degree of curvature or shape and its symmetry. For each margin' s 
shape, a series of three curves were constructed depicting the speculated range of 
curvature for all specimens (Fig. 6b-e). These curves represented slight, moderate and 
strong curvature, or in the case for the anterior and posterior margins, very strong 
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curvature was included where the margin greatly exceeded the series of curves. This 
measurement was accomplished using CorelDRA W®, where the curves were compared 
to each margin and properly adjusted to the size variation among the specimens. The 
marginal symmetry was recorded as either symmetric, asymmetric dorsal or ventral 
( anterior and posterior margins), or asymmetric anterior or posterior ( dorsal and ventral 
margins) (Fig. 8). The symmetry was recorded using a printout of all the outline shapes 
for each specimen constructed in CorelDRA W®. To ensure reproducibility, the anterior 
margin refers to the curve from the vertical line drawn at the placement of the beak to the 
anterior edge of the shell. The posterior margin refers to the curve at the intersection 
between the horizontal line drawn at the placement of the beak and the posterior end of 
the dorsal margin to the posterior edge of the shell. The dorsal margin represents the 
portion of the curve from the horizontal line drawn at the placement of the beak to the 
dorsal edge of the shell. Finally, the ventral margin refers to any portion of the curve from 
the horizontal line drawn at the intersection between the placement of the beak and the 
ventral margin and the ventral edge of the shell. 
External Sculpture 
The bulk of the external morphology deals with the various types of sculpture 
covering the surface of the shell. All eight species possess sculpture to some degree. 
Species of Plethobasus and Proparreysia have nodes and ridges that cover much of the 
shell surface, while the four members of the genus Plesielliptio have umbonal 
corrugations and post umbonal ridges. To quantify the dispersal of sculpture between 
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Figure 7. Generalized outline shapes. A. Orbicular; B. Ovate; C. Ovate trigonal; 
D. Ovate elliptical; E. Elongate elliptical. 
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Figure 8. Assessment of marginal symmetry. A . Symmetric oh all margins; 
B. Asymmetric posterior on the dorsal and ventral margins; C. Asymmetric anterior 
on the dorsal and ventral margins; D. Asymmetric dorsal on the anterior 
and posterior margins; E. Asymmetric ventral on the anterior and posterior margins. 
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prominence of sculpture. For those species that possessed nodes, the nodes were carefully 
scrutinized to recognize any variation between species. For instance, in some species, the 
nodes were aligned in rows following the posterior ridge, and thus the number of rows of 
nodes was denoted. This was calculated simply by determining if the nodes were arranged 
in rows, and if so, how many rows were present. If there were nodes, but no indication of 
alignment into rows, as was the case with Proparreysia verrucosiformis, then the 
specimen was recorded as a zero for that character. The number of total nodes was also 
measured by counting the number of protrusions on the surface of the shell that had the 
typical nodular shape and were substantial enough to easily see in hand sample. Once the 
number of rows and number of nodes were counted, the prominence and shape of the 
nodes were determined. The prominence of the nodes was measured by using of a flat 
rigid surface (glass microscope slide) with a series of Allen wrenches of varying sizes 
(Fig. Se). Each specimen was placed on a stable surface with the glass microscope slide 
placed across the tip of the most prominent node and the tip of the nearest node of a 
similar height. The prominence of the node was measured with respect to the width of the 
largest Allen wrench that could be placed in the void between the flat surface and the 
shell surface. This measurement method has potentially sizeable error and should only be 
used as a general size of the most prominent node on the shell ' s surface. The last node 
characteristic examined was the general shape of the nodes. This trait was acquired from 
the most prominent node when viewed dorsally. When describing the shape of the node, 
the shape of the top of the node and the overall symmetry of the node was analyzed. 
Three shape categories describe the node tops : flat, rounded, or pointed (Fig. 9a). 
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However, if the shape of the nodes was highly variable within one specimen, it was 
classified into a fourth category as a mixture of shape types. The symmetry of the nodes . 
was classified as being symmetric, asymmetric pointing towards the anterior margin, or 
asymmetric pointing towards the posterior margin (Fig. 9b ). 
The other external sculptural features that were included in this study were 
restricted to certain genera. The posteroventral ridges that are only evident in the genus 
Proparreysia were measured for their noticeable variation between species (Fig. 4) . A 
pair of diverging ridges that extend posteriorly from the beak and the concentric umbonal 
corrugations that are both seen in Plesielliptio and Plethobasus, but not Proparreysia 
were also measured for the study (Fig. 4) . The posteroventral ridges are rounded ridges or 
ribs that are incurvate towards the posterior margin of both Proparreysia letsoni and 
Proparreysia verrucosiformis. This trait was measured as both the degree of curvature 
and the relative width of the ridges as seen in each specimen of Proparreysia (Fig. 9c,d). 
The pair of diverging ridges are faint and originate near to the beak, diverging posteriorly 
almost parallel to the hinge line. They are observed extending further than the midlength 
(half the total length of the specimen), terminating at the midlength, and terminating 
before the midlength. The concentric urnbonal ridges were used to provide a distinction 
between Plethobasus and Plesielliptio. They are recorded as the number of individually 
distinguishable ridges that are present in the umbonal area. However, the umbonal area is 
often partially or completely weathered in life or during transport, and, as a result, these 





















C. Posteroventral ridge curvature; D. Posteroventral ridge width. 
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Hinge 
The aspect of the hinge area that was measured was the cardinal hinge plate, or the 
spac.e that separates the pseudocardinal teeth from the beak (Fig. 1 Od). The plate contains 
fine lateral ridges, and its width seems to vary at least between genera if not also between 
species. The width of the plate was measured simply by obtaining the orthogonal distance 
from the beak to the top of the teeth. This distance was measured using calipers and 
recorded to the nearest tenth of a millimeter. 
Umbonal Measurements 
The umbonal cavity refers to the internal cavity created by the amount of incision 
of the umbo. The degree of the umbonal cavity is measured as a trait by determining the 
apparent volume by means of the weight of a uniform substance placed into the cavity. In 
this case, after each specimen was oriented vertically resting on the umbo and anterior 
margin, a dry, fine sand with a uniform grain size of 0.0069 inches was poured into the 
cavity until it was level with the edge of the cardinal teeth (Fig. 1 Of). Although a liquid 
added into the cavity would be ideal for measuring volume, it was not practical. 
Therefore, sand was used as a proxy for the volume of the umbonal cavity disregarding 
the amount of porosity within the sand. Each cavity was measured twice, and the sand 
was poured into glass vials labeled with the S-number. The actual weight of the sand in 
the glass vials was measured using a nonstatic digital scale to the ten thousandth of a 
gram. The two weight values for each specimen were averaged, and this final value was 
then used to represent an equivalent cavity volume. The volume of the umbonal cavity 















Figure 10. Internal quantitative measurements. A. Pseudocardinal teeth width; 
B. Pseudocardinal teeth prominence; C. Lateral teeth curvature; 
D. Cardinal hinge plate width; E. Umbo prominence; F. Umbonal cavity volume. 
36 
J 
line. For this study, the prominence is assessed from the internal view of each specimen 
and is actually measured using methods similar to those of the shell-size parameters 
(maximum length, height, etc.). In Photoshop®, the specimen was oriented so that the 
cardinal hinge plate was parallel to the field of view. A distance was determined between 
guidelines that were placed at the apex of the umbo and where the umbonal area appears 
to end and the hinge plate begins (Fig. 1 Oe ). This distance, to the nearest tenth of a 
millimeter, is considered here to represent the degree of prominence of the umbo. 
Dentition 
Bivalve dentition is essential to discriminating between species. The dentition is 
often not only characteristic at the family level, but also can be distinctive at the generic 
or species level. In the case of the Hell Creek Foimation unionids, the dentition patterns 
prove quite varied between both genera and species. For this particular study, 
documenting the variation seen in the size and shape of both the pseudocardinal and 
lateral teeth appears to be the most efficient way to discriminate species and genera. The 
shape of the pseudocardinal teeth for each specimen was categorized into one of five 
distinctive shapes (Fig. 11). The term orthogonal was given to teeth that extend virtually 
perpendicular from the beak towards the ventral margin. Oblique anterior or oblique 
posterior describe the teeth that are oblique from the beak towards the anterior or 
posterior margins, while curved anterior or curved posterior describe the teeth that display 
concave curvature from the beak towards the anterior or posterior margins. The size of 
pseudocardinal teeth was described as a function of two separate measurements, which 




Figure 11. Pseudocardinal teeth shape. A. Orthogonal; B. Oblique anterior; 
C. Oblique posterior; D. Curved anterior; E. Curved posterior. 
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the width of the total cardinal tooth set, which is a three part set of either two teeth and 
one socket (left valves) or one tooth and two sockets (right valves) (Fig. 10a). The 
measurement was taken to the nearest tenth of a millimeter from the most anterior point 
to the most posterior point of the pseudocardinal set. The prominence of the teeth was 
measured using calipers to the nearest tenth of a millimeter. The relative distance between 
the cusp of the most prominent tooth and the base of the hinge line was measured to yield 
the value, and was accomplished by recording the distance from the apex of the umbo to 
the cusp minus the distance from the apex of the umbo to the base of the hinge line (Fig. 
1 Ob). The method for measuring this trait was necessary in order compensate for the 
human error that occurs with measuring the direct distance between the cusp and the 
hinge line. The last dentition character trait deals with the curvature of the lateral teeth. 
The size of the lateral teeth did not prove to be an informative trait because the variation 
in the size of the teeth appears to be proportional to the size of the individual specimen, 
The curvature of the lateral teeth seemed to vary between species was documented as the 
height of the apex of the curve produced by the lateral teeth (Fig. 1 Oc ). The curve was 
established in CorelDRA W®, and the height of the apex was measured from printed 
versions using a ruler to the nearest tenth of a millimeter. 
Character Coding 
For cladistics and some statistical methods, it was necessary to convert the 
character traits into a software compatible code. The basic coding method for cladistics 
appears as a simple binary system with a "O" to denote the absence of a character trait and 
a "1" to denote the presence of that trait. With the occurrence of several different states of 
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the same trait, the "O" would then be assigned to the most ancestral form of the trait. 
Subsequently, the integers would ascend depending on the number of states (variations) · 
existing for that trait. For this study, not only were there instances where several states of 
a single character were observed, but in many cases, the history of the trait could not 
accurately be assessed. Therefore, for some character traits, the "O" was either assigned to 
the character state that appeared to be most ancestral or assigned in some logical order. 
Data Partitioning 
Since there is a noticeably close relationship between all of the study species, 
there proved to be no accurate method for assigning character codes on the basis of 
evolutionary status. Therefore, data partitioning was accomplished through either a . · 
logical or apparent order. The partitioning of mahy of the character traits into logical 
. states was quite straightforward. The descriptiv~ ( or qualitative) traits, like those 
pertaining to shape or symmetry, were coded based on a logical order of categories. For 
example, the trait "pseudocardinal teeth shape" contains five distinctive descriptive 
states; orthogonal, oblique anterior, curved anterior, oblique posterior, and curved 
posterior. To assign appropriate codes to these states, the orthogonal state was considered 
as a "O," because of its obvious dissimilarity to the other four, and the remaining 
categories were assigned in a logical succession. To achieve the most accurate 
partitioning of the quantitative character traits, Microsoft® Excel produced graphs that 
were used to view the distribution and range of the data for each trait. Histograms and pie 
graphs were used collectively to achieve a sense of the total range of values and their 
relative relationships to each other. From these graphs, suitable states for each trait 
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became more apparent. The character states were chosen on the basis of the distribution 
of the values around the mean for that trait. The lower range of values would be 
represented by a "O," the middle range of values would be represented by a "1," and the 
higher range of values would be represented by a "2." In cases were the range of values 
was more widespread than could be described simply by a lower, average, and higher 
system, as many extra categories as needed were added. For example, the range of data 
for the maximum length of the specimen extended from around 30 mm to more than 100 




The revised species and genus descriptions written for this project were assembled 
from an average of 30 to 50 adult specimens of varying sizes. The descriptions of species 
include a rigorous survey of multiple quantitative ( characterizing shell size) and 
qualitative (characterizing shell shape) character traits with focus on providing an all-
inclusive representation of the species. This more expansive approach to describing 
species of unionids in the Hell Creek Formation y.,ill most likely create a more accurate 
I 
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representation of the species to be used in future analyses. 
Genus Plethobasus 
Plethobasus is one of the few extant genera found in the Hell Creek 
Formation. Although there are many species that exist in the current genus, there 
are only two species that belong to this genus in the Hell Creek Formation, P. 
aesopiformis and P. biesopoides. This genus is characterized by possessing fine 
ridges around the umbo and along the dorsal margin, as well as nodular sculpture 
on the shell surface. 
Unio aesopiformis (Whitfield, 1903) 
"Shell of medium size, transversely ovate, largest at a point opposite the 
beaks, which are situated pretty well forward. Shell surface marked by a line of 
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strong nodes extending from the beaks to the base of the shell behind the middle 
of the length, also by a slight sulcus just behind the line of nodes. Posterior 
cardinal slope somewhat abrupt, forming an angular ridge along the umbonal 
slope from the beak backward, dying out behind the middle length. Sometimes a 
second faint ridge is seen between this and the border of the shell. Internally, the 
left valve, when not water-worn, has strong prominent laterals with a deep groove, 
and the crest of the principal ridge is slightly crenulated. Muscular imprints deep 
and rugose. Pallial line strongly marked." 
Plethobasus aesopiformis (Russell, 1976) 
"Shell medium sized to rather large, obliquely ovoid, strongly convex. 
Disk broadly convex for most of the area, with a posteroventrad ridge moderately 
to sharply defined, extending from the beak to posterior extremity; area behind 
ridge slightly concave, sloping to posterior and posterodorsal margins. A row of 
conspicuous nodes, usually three in number, aligned posteroventrad from umbo 
just in front of posteroventrad ridge, the nodes being ovoid in shape with long axis 
parallel to growth lines . Hinge plate wide below beak, moderately wide 
posteriorly. Lunule and escutcheon narrow. Left pseudocardinal dentition of one 
large,blunt tooth below beak, and a reduced, ridge-like anterior tooth, the teeth 
being separated by a shallow, trianguloid socket with a vertical ridge within; right 
pseudocardinal tooth bluntly trianguloid, with shallow trianguloid sockets on 
either side; all teeth and sockets radially striated. Two lateral teeth on each valve; 
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upper tooth a simple ridge, lower tooth a little expanded posteriorly; on some 
specimens the lower tooth is finely crenulated; sockets groove-like." 
"Plethobasus" aesopiformis (this report) (Plate I) 
The placement of "aesopiformis" as well as "biesopoides" into the genus 
Plethobasus is questionable. These species in the Hell Creek Formation are 
clearly Cretaceous species and have been placed in the modem genus, 
Plethobasus, due to similar characteristics. However, the Hell Creek Formation 
genus and species do not cross the KIT boundary, and it could be said that the 
similarities are merely superficial and do not warrant placement into a modem 
genus. Therefore, it may be more valid to create a new genus name for the species 
"aesopiformis" and "biesopoides" that incorporates the similarity to Plethobasus 
but emphasizes the absence of these species in the Cenozoic. 
The shells of Plethobasus aesopiformis are generally well preserved and 
complete, but they are commonly worn umbonally and tend to break posteriorly. 
The shells are of medium to large size (Table 2) for the Hell Creek Formation 
assemblage, averaging 55 mm in maximum length (anterior-posterior) and 40 mm 
in maximum height ( dorsal-ventral). The shells (length x height) can be as small 
as 40 x 30 mm and as large as 75 x 50 mm. The beak is prominent when not worn 
and anteriorly directed. It is positioned from the anterior margin at a distance of 
about 15% of the total shell length. The shell is moderately convex (- 14 mm). P. 
aesopiformis is stoutly robust anteriorly, centrally, and posteriorly ranging from 
4-8 mm; however, it is only moderately robust umbonally (- 6.5 mm). P. 
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Table 2. Definition of Descriptive Terms for Various Character Traits 
Maximum length 
small = 0-45 mm 
medium = 45-60 mm 
large = >60 mm 
Maximum height 
small= 0-30 mm 
medium= 30-45 mm 
large = >45 mm 
Tooth length 
short= 0-30 mm 
moderate = 30-40 mm 
long=>40 mm 
·Convexity 
... · slight= 0-12.5 mm 
moderate= 12.6-15 mm 
strong= >15 mm 
Anterior robustness 
slight = 0-4 mm 
moderate= 4-5.5 mm 
stout= >5.5 mm 
Central robustness 
slight= 0-3.5 mm 
moderate= 3.5-4.5 mm 
stout= >4.5 mm 
Posterior robustness 
slight= 0-5 mm 
moderate = 5-6 mm 
stout= >6 mm 
Umbonal robustness 
slight= 0-5.5 mm 
moderate= 5.5-6.5 mm 
stout= >6.5 mm 
Posteroventral slope 
not prominent = 0 
moderately prominent = 60-85 degrees 
very prominent >85 degrees 
Umbonal cavity 
shallow= 0-0.1 mm3 
moderate= 0.1-0.3 mm3 
deep= >0.3 mm3 
Umbonal prominence 
slight= 0-1.5 mm 
moderate= 1.5-3 mm 
strong = > 3 mm 
Cardinal hinge plate 
narrow = <2 mni 
wide=>2 mm 
Pseudocardinal tooth prominence 
slight= 0-2.4 mm . 
moderate = 2.4-5 mm 
high=>5 mm 
Pseudocardinal tooth width 
narrow = 0-10 mm 
moderate= 11-13 mm 
wide=>13mm 
Lateral tooth curvature 
slight= 0-1.6 mm 
moderate= 1.6-2 mm 
strong = >2 mm 
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aesopiformis is generally ovate in outline, but varies from a more circular ovate to 
a more elliptical ovate shape depending on the specimen. The anterior margin 
varies from a slight to a strong curvature, but in most cases is moderately curved. 
The margin is most often symmetrical in shape. The posterior margin ranges from 
slightly to strongly curved, but is usually moderately curved. This margin is 
mostly symmetrical, but will, in some cases, display greater posteroventral 
curvature. The dorsal margin is usually moderately curved, but can vary from a 
slight to a strong curvature. The margin almost always reaches its strongest 
curvature near the anterior margin and then tapers posteriody, but the dorsal 
margin can also be symmetric in some cases. The ventral margin varies from 
slightly to moderately curved, but will mbst often be moderately curved. The 
margin is generally symmetrical, but in s~me cases will display greater 
posteroventral curvature. The posterior ridge and slope are moderately prominent 
ranging between 55-75 degrees for the angle of the slope from the ridge to the 
dorsal margin (Fig. 5f).The lunule and escutcheon are elliptical with tapered ends. 
The surficial sculpture consists of a row of generally symmetric, somewhat 
pointed nodes that rise about 2 mm above the surface of the shell. They range in 
number from two to six, but usually number four, depending on the size of the 
specimen. Typically, a series of eight concentric ridges encircle the umbo, but can 
range from seven to twelve. A pair of fine postumbonal ridges originate behind 
the beak, then diverge slightly posterodorsally usually terminating at or before the 
midlength of the shell. 
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The umbo is moderately to highly prominent for the assemblage reaching 
an average of 2 mm above the hinge line. The umbonal cavity is moderately deep 
(-0.3 mm3). The cardinal hinge plate that separates the pseudocardinal teeth from 
the beak is finely striated laterally and moderately wide reaching maximum width 
anteriorly and tapering towards the lateral teeth. The average length of the entire 
hinge dentition is about 35 mm. The pseudocardinal teeth are of medium width 
(-11 mm) and comprise about 25% of the total dentition length. The 
pseudocardinal teeth are triangular with pronounced vertical striae on both the 
teeth and sockets. They generally point posteriorly, either obliquely or slightly 
curved, but in rare cases extend orthogonally from the beak. The prominence of 
the pseudocardinal teeth above the hinge line is average (2 mm) for the 
assemblage. The right valve has two sockets-the anterior socket being about 30% 
the size of the posterior socket. The right valve also has a central tooth that is 
equal to one-half the size of the posterior socket. The left valve has two wedgelike 
teeth-the anterior tooth roughly 30% of the size and slightly less prominent than 
the posterior tooth. The central socket is slightly smaller than, or equal to, the size 
of the posterior tooth. The lateral teeth are long and slender and have moderate 
curvature. The right valve has two long teeth-the ventral tooth slightly more 
prominent posteriorly than the dorsal tooth. There is a deep groovelike socket 
between the teeth. The left valve has one ridgelike tooth flanked by two shallow 
sockets which deepen posteriorly. The anterior adductor scar is heart-shaped and 
deep, and the posterior adductor scar is shallow and shaped like a half-ellipse. The 
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pallial line is distinct and is a smooth "U" shape that appears stretched posteriorly 
(Fig. 4). 
Unio biesopoides (Whitfield, 1907) 
"Shells like those of U. aesopiformis in all essential particulars, internal 
and external; except that it presents two distinct lines of nodes leading from near 
the beaks backwards to the posterior basal angle instead of only a single line of 
nodes as also in the recent or living species U. aesopus, the second line being on 
the umbonal angle." 
Plethobasus biesopoides (Russell, 1976) 
"Shell similar to that of P. aesopiformis but with a second row of nodes, 
usually four, posterior to main row along posteroventrad ridge; the nodes of the 
two rows not quite aligned along growth lines. Pseudocardinal teeth more massive 
than in P. aesopiformis, and with sockets more deeply incised by the striae." 
"Plethobasus" biesopoides (this report) (Plate I) 
Again the placement of "biesopoides" into Plethobasus is under 
consideration, but will remain in the genus Plethobasus for the purposes of this 
study. 
Plethobasus biesopoides resembles P. aesopiformis in superficial 
appearance but contains its own set of distinctive characteristics. The shells are 
(,. 
generally well preserved, but are often worn umbonally and will sometimes break 
posteriorly. The P. biesopoides shell is medium to large (Table 2) for the Hell 
Creek Formation assemblage, and is distinctly larger than P. aesopiformis. P. 
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biesopoides averages 70 mm in maximum length and 50 mm in maximum height. 
The shells (length x height) can be as small as 60 x 40 and as large as 85 x 60. 
The beak is directed anteriorly and positioned from the anterior margin at a 
distance of about 15% of the total shell length. The beak is often worn. The shell 
is strongly convex (- 17 mm) for the assemblage. The shell is stoutly robust 
anteriorly (- 7 mm) and umbonally (-7 mm), but moderately robust centrally (-4 
mm) and posteriorly (-6 mm). It is more robust than P. aesopiformis anteriorly 
and umbonally, but less robust centrally and posteriorly. It resembles the similar 
ovate outline of P. aesopiformis, but is slightly trigonal where the umbo is more 
raised and tapers more drastically to form a more triangular shape. The anterior 
margin is often slightly curved, but can also be more moderately curved; the 
margin is almost always symmetrical. The-posterior margin is generally · 
moderately curved, but can also exhibit lesser or greater curvature depending on 
the specimen. The margin is most often symmetrical, but can also display greater 
posteroventral curvature. The dorsal margin most often displays strong curvature, 
but can also be more moderately curved similar to P. aesopiformis. The margin 
almost always displays greater anterodorsal curvature, tapering posteriorly, but 
may also exhibit a more symmetrical shape. The ventral margin can exhibit slight 
to strong curvature, but most often is moderately curved and is usually 
symmetrical. The posterior ridge and slope are quite prominent, averaging almost 
90 degrees from ridge to dorsal margin, which is distinctly greater than the slope 
observed in P. aesopiformis. The lunule and escutcheon are elliptical with tapered 
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ends. Both the lunule and escutcheon appear to be the same width, but the former 
is shorter and rounder and the latter is more elongated. The surface of the shell has 
two distinct rows of nodes. The anterior row contains a series of somewhat 
pointed nodes, averaging four or five, but ranging from two to six in number. The 
nodes are usually symmetrically shaped, but can be asymmetrical with the taller 
side pointed towards the anterior margin (viewed dorsally). They generally rise 3 
mm above the surface of the shell. The posterior row appears to be located along 
the posterior ridge and contains somewhat pointed, symmetrically shaped nodes 
usually numbering from three to five. The nodes are generally smaller than the 
anterior row rising 1-2 mm above the surface of the shell. In some cases, they are 
greatly reduced and almost nonexistent. A set of six to eight concentric ridges is 
present around the umbo. A pair of fine postumbonal ridges originates behind the 
beak, then diverge slightly posterodorsally usually terminating before the 
midlength of the shell. 
The umbo is very prominent, averaging 2.7 mm above the hinge line. The 
umbonal cavity is deep (-0.7 mm3). The cardinal hinge plate is wide for the 
assemblage (-2.8 mm). It is relatively uniform in thickness and contains fine 
lateral striae. The length of the entire dentition is greater than average for the 
assemblage. The pseudocardinal teeth are wide (-15 mm) and comprise about 
35% of the total dentition length. The pseudocardinal teeth are triangular with 
prominent vertical striae on both the teeth and sockets. They either extend 
orthogonally from the beak or are oblique towards the posterior margin. The 
50 
pseudocardinal teeth are prominent for the assemblage, averaging about 3 mm 
above the hinge line. The right valve consists of two sockets- the anterior socket is 
30% of the size of the posterior socket. The right valve also has one wedge-shaped 
tooth roughly the same size or slightly smaller than the posterior socket. The left 
valve consists of two teeth-the anterior tooth is 30% of the size and noticeably 
less prominent than the posterior tooth. The left valve also has one socket the 
same size or slightly smaller than the posterior tooth with one additional 
prominent ridge in the center of the socket. The lateral teeth are long and exhibit 
moderate to strong curvature. The right valve has one ridgelike tooth surrounded 
by two sockets. The dorsal socket is a deep grooved socket throughout, while the 
ventral socket only deepens posteriorly. The left valve h·as two slender teeth. The 
ventral tooth becomes more prominent and rounded posteriorly, while the dorsal 
tooth becomes less prominent with one deep groovelike socket. The anterior 
adductor muscle scar is round and deep, and the posterior adductor scar is half-
ellipse shaped and very shallow, almost nonexistent. The pallial line, when 
apparent, is a prominent smooth "U" shape following the ventral margin. 
Genus Plesielliptio 
The genus Plesielliptio is assigned exclusively to extinct species, so there 
are no modem representatives of this genus. However, Plesielliptio bears a strong 
resemblance to the modem genus Elliptio, as described previously. Currently, 
there are four species in the Hell Creek Formation assigned to the genus 
Plesielliptio, and they are essentially unsculptured except for fine ridges around 
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the umbo and along the dorsal margin. P. gibbosoides and P. whit.fie/di are 
elongate forms of this genus, while P. postbiplicatus and P. brachyopisthus are 
shortened forms. 
Unio gibbosoides (Whitfield, 1907) 
"Shell transverse, compressed, much wider than high, and resembling in 
nearly all respects U gibbosus of Barnes, as it occurs in the Ohio and Mississippi 
Rivers at the present time, both externally and internally. It has been commonly 
referred to as U danae Meek & Hayden which it closely resembles, but it never 
shows the radiating striae which that species quite generally does, passing 
obliquely backward across the valves from the beaks to basal border along the 
depressed middle portion of the valves." 
Plesielliptio gibbosoides (Russell, 1976) 
"Shell relatively large, elongate ovoid, somewhat tapering posterad. Beak 
anterior but not quite terminal, low and very little incurved. Ventral margin long, 
convex in front and behind, broadly convex, somewhat bulging in front of umbo, 
faintly concave in ventral area near midlength. Umbonal undulations about seven, 
fine, but usually destroyed by premortem corrosion. Hinge plate long and narrow 
except below beak. The two left pseudocardinal teeth trianguloid, the posterior 
one larger and oriented fore-and-aft, the anterior more ridge-like and oriented 
vertically; intervening socket a channel-like notch. Right pseudocardinal tooth a 
narrow trianguloid ridge, oriented posteroventrad, with broad socket above and 
narrow socket in front. Left lateral teeth two, long, low, and narrow, with 
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relatively broad groove between; right lateral more prominent, with shallow 
groove above and vestige of a shelf below. Anterior adductor scar subcircular, 
moderately excavated; posterior scar shallow, but distinct." 
Plesielliptio gibbosoides (this report) (Plate II) 
Specimens are generally well preserved, but are often worn umbonally and 
\ 
frequently break posteriorly. The shell is large (Table 2) for the assemblage 
averaging 80 mm in maximum length and 40 mm in maximum height. Specimens 
range from 50 to 100 mm in length with proportional heights. The beak is 
anteriorly directed and positioned from the anterior margin at a distance of about 
10% of the total shell length. When not worn the beak is not very prominent. The 
shell displays moderate convexity (-14.5 imm). The shell is moderately robust 
anteriorly (- 5 mm) and centrally (- 4.5 mm), but stoutly robust posteriorly (- 7 
mm) and umbonally (-7 mm).The basic outline shape is elongate elliptical, 
although there are two discrete forms of this shape. Form A convexly curves 
dorsally from the umbo and is equally elongate until tapering posterodorsally. 
Form B also curves dorsally tapering posterodorsally, but is taller anteriorly and 
may curve concavely on the ventral margin. The anterior margin ranges from 
slightly to strongly curved, but, on average, will be moderately curved. In most 
cases, it has symmetric curvature, but the margin can also display greater 
curvature anterodorsally or ventrally. The posterior margin displays strong 
curvature and is often symmetric, but in many cases, it is tapered with the greatest 
curvature near the ventral or dorsal margins. The dorsal margin is almost always 
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slightly to moderately curved, and is either symmetrical or curves more outward 
near the anterior margin and tapers posteriorly. The ventral margin is most often 
slightly curved, but in some cases may be moderately curved. This margin is 
symmetric or inflated anteriorly, concave in the central portion, and curved 
outward posteriorly. The lunule and escutcheon are elliptical with tapered ends, 
and the escutcheon is much greater than the average of the assemblage due to the 
increased length. The posterior ridge and slope are not prominent. The only 
surficial sculpture, when present, is apparent in the dorsal region. There are 
usually eight or nine concentric ridges around the umbo. A pair of fine 
postumbonal ridges originates behind the beak, then diverge slightly 
posterodorsally before terminating at or beyond the midlength. 
The umbo is not prominent, averaging only 1 mm above the hinge line. 
The umbonal cavity is shallow (-0.05 mm3) and in some cases almost 
nonexistent. The cardinal hinge plate is wide for the assemblage and relatively 
uniform in thickness throughout. The entire hinge dentition is long for the 
assemblage. This is maybe due, however, to the extended length of the species. 
The pseudocardinal teeth are triangular with very fine vertical ridges covering the 
teeth and sockets. They comprise slightly less than 25% of the total tooth length 
and are moderately wide (- 12 mm). The teeth are directed posteriorly, either 
obliquely or slightly curved concavely towards the dorsal margin, but will favor 
the oblique form. The pseudocardinal teeth are slightly prominent, less than 2 mm 
above the hinge line. The right valve has two sockets-the anterior socket being 
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about half the size of the posterior socket. The right valve also has one wedge-
shaped tooth slightly smaller than the posterior socket. The left valve has one deep 
socket and two teeth-the anterior tooth is small and thin and the posterior tooth is 
at least twice the size of the anterior tooth and slightly larger than the central 
socket. The lateral teeth are long, slender, and are strongly curved compared to the 
rest of the assemblage. The right valve has one ridgelike tooth and two sockets-
the dorsal socket is deep through the entire length, but the ventral socket only 
deepens posteriorly. The left valve has two slender teeth. The ventral tooth is 
slightly more rounded and prominent posteriorly than the dorsal tooth with a very 
deep groovelike socket in between. The anterior adductor muscle scar is deep and 
heart-shaped, and the posterior adductor ~car is shaped like a half-ellipse and is 
deep relative to most posterior adductor ~cars. The pallial line is distinct, shaped 
like a flattened "U," except when the ventral margin exhibits concave curvature 
that the pallial line will then mirror. 
Plesielliptio whitfieldi (before Russell) 
Plesielliptio whitfieldi was not one of the recognized species in 
Whitfield' s original papers (1903 , 1907). It is likely that specimens of this species 
were previously assigned to its currently recognized "sister" species Plesielliptio 
gibbosoides. 
Plesielliptio whitfieldi (Russell, 1976) 
"Shell of moderate size, narrowly elongate-ovoid. Disc moderately convex 
except just below posterodorsal margin, where it is slightly concave. Umbonal 
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undulations about nine, fine. Hinge plate narrow. Left pseudocardinal teeth two, 
trianguloid, the posterior wider than the anterior, separated by a triangular, notch-
like socket; right pseudocardinal tooth trianguloid, with notch-like socket in front 
and behind. Left lateral teeth two, the lower larger and more prominent, but not 
especially thickened; right lateral tooth sharp and prominent, with a groove above 
and a narrow shelf below. Anterior adductor scar a well defined, rounded notch; 
posterior scar faint." 
Plesielliptio whitfieldi (this report) (Plate II) 
Specimens are scarce and are generally well preserved. They are often 
worn umbonally and broken posteriorly. The shell is medium to large for the 
assemblage, especially in length, but size varies widely within the species. The 
average length is 70 mm and the average height is 30 min. The shell size can be as 
small (length x height) as 35 x 15 mm and as large as 115 x 45 mm. The beak is 
directed anteriorly and positioned from the anterior margin at a distance of about 
10 to 15% of the total length. The shell is slightly convex, averaging about 11 
mm. Plesielliptio whitfieldi exhibits slight robustness anteriorly ( 4 mm) and 
centrally (3 .5 mm), slight to moderate robustness posteriorly (5 mm), and 
moderate robustness umbonally (6 mm). The general outline shape for the species 
is a narrowly elongate elliptical form with posterior region turned slightly upward 
possessing a more lanceolate shape. The dorsal margin essentially proceeds 
without curvature from the umbo unlike P. gibbosoides. The anterior margin 
generally displays a strong curvature, but can also display slight to moderate 
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curvature. The margin is usually symmetrically shaped. The posterior margin also 
displays a strong curvature, but can vary from moderate to a very strong curvature. 
The margin most often tapers with the greatest curvature posterodorsally. The 
dorsal margin displays a slight curvature and is almost straight. It will most often 
be symmetrically shaped. The ventral margin displays a slight curvature with a 
general symmetric shape or sometimes greater curvature near the anterior margin. 
The posterior ridge and slope are not prominent. The lunule and escutcheon are 
elliptical with tapered ends are generally average for the assemblage; however, 
this trait is highly variable due to wide range in size within the species. Around 
the umbo there is a series of seven or eight concentric ridges. Along the dorsal . 
margin is a pair of fine postumbonal ridgbs that originate behind the beak; then 
diverge slightly posterodorsally before t~rminating at or beyond the midlength of 
the shell. 
The umbo is not prominent, averaging only 0.5 mm above the hinge line. 
The umbonal cavity is very shallow (- 0.02 mm3) and almost nonexistent in some 
specimens. The cardinal hinge plate is wide (-2.5 mm) and finely laterally 
striated. It is relatively uniform in thickness throughout, and slightly tapered 
posteriorly. The length of the entire hinge dentition is long, partially due to the 
extended length of the shell. The pseudocardinal teeth narrow (- 10 mm) and 
comprise roughly 20% of the total length. The pseudocardinal teeth are triangular 
and directed posteriorly either obliquely or curved dorsally. There are fine vertical 
striae that cover the teeth and sockets, except for the anterior socket of the right 
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valve. The teeth are slightly prominent, less than 2 mm above the hinge line. The 
right valve consists of two deep, rounded sockets and a wedge-shaped tooth-the 
anterior socket is about 30% of the size of the posterior socket. The left valve 
consists of two teeth-the anterior tooth is ridgelike and about 30% of the size of 
the posterior tooth, which is wedge-shaped and more prominent. The lateral teeth 
are long and slender, gaining some thickness posteriorly, with slight to almost no 
curvature. The right valve consists of one ridgelike tooth that increases in 
prominence posteriorly, and, when not worn, possesses very fine oblique striae. 
The tooth is bracketed by two shallow sockets. The left valve consists of two 
ridgelike teeth of equal prominence and one deep groovelike socket. The anterior 
adductor muscle scar is deep and heart-siaped, and the posterior adductor scar is 
shaped like a half ellipse and is shallow .. The pallial line is shaped like a flattened 
"U," and it will mirror the shape of the ventral margin. 
Unio postbiplicata (Whitfield, 1903) 
"Shell below medium size, transversely elliptical or subovate, with small 
obscure beaks situated at, or a little less than one fourth of the shell 's length from, 
the anterior extremity. Valves moderately convex with the beaks and cardinal 
margin somewhat emolled so as to give a somewhat cylindrical form to the shell 
when the valves are in contact. General surface of the shell smooth, with but 
moderately-marked growth lines. On the emolled beaks, the surface is distinctly 
undulated for some distance back from the hinge line, and the posterior cardinal 
slope on each valve is marked by two distinct diverging ridges, extending from 
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the point of the beaks along the posterior umbonal region to a greater or less 
distance toward the postero-cardinal border; but often becoming obsolete at some 
distance between these points. In the interior the shells are much thickened and 
often excessively heavy. The teeth are strong and prominent, and the muscular 
imprints deep and well marked, the cardinal tooth strongly striated and the laterals 
curved and slightly striated vertically." 
Plesielliptio postbiplicatus (Russell, 1976) 
"Shell of medium size, broadly ovoid. Disk very convex, especially in 
umbonal region, regular for anterior two-thirds, but with a broadly rounded ridge 
curving obliquely from umbo to posterior end of ventral margin; area behind this 
ridge slightly flattened. Umbonal undulations fine, 6 to 13 in number. Hinge plate 
narrow near umbo, wider in front and behind; two left pseudocardinal teeth, the 
posterior triangularly pyramidoid, the anterior ridge-like, separated by a 
trianguloid socket; one right pseudocardinal tooth, trianguloid, with wide 
trianguloid socket behind and narrow socket in front; two left lateral teeth, rather 
long, curving downward posteriorly, the lower one thickened near extremity; one 
right lateral tooth, with narrow socket above and below. Anterior abductor scar 
orbiculoid, deep, undercutting hinge plate; posterior scar more shallow, but also 
slightly undercutting plate." 
Plesielliptio postbiplicatus (this report) (Plate ill) 
Specimens are well preserved, and are usually complete and minimally 
worn. The shell is small (Table 2) for the assemblage, averaging only 40 mm in 
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length and 25 mm in height, but can range (length x height) from 30 x 20 mm to 
55 x 35 mm. The beak is quite prominent and is directed anteriorly. It is 
positioned from the anterior margin at a distance of about 15 % of the total shell 
length. The shell displays slight convexity (-10 mm). The shell is slightly robust 
anteriorly (-3 mm), centrally (-3 mm), and umbonally (-4.5 mm), but moderately 
robust posteriorly (-5 .5 mm). The marginal outline shape is elliptical with a more 
ovate shape compared to the more elongate elliptical forms observed in other 
members of Plesielliptio . The anterior margin generally exhibits a moderate 
curvature and a symmetric shape. The posterior margin displays a slight to 
moderate curvature and is either symmetrically shaped or inflated 
posteroventrally. The dorsal margin exhibits a moderate curvature, but in some 
cases can exhibit slight to strong curvatl¥'e. The margin is usually symmetrically 
shaped, but can also be inflated anterodorsally. The ventral margin exhibits a 
slight to moderate curvature and is generally symmetric in shape. The lunule and 
escutcheon are elliptical with tapered ends and are small for the assemblage. The 
posterior ridge and slope are not prominent. Around the umbo there are ten to 
fifteen prominent concentric ridges. Dorsally, there is a pair of fine postumbonal 
ridges that diverge slightly posterodorsally and terminate at or beyond the 
midlength of the shell. 
The umbo is slightly to moderately prominent for the assemblage (-1 .3 
mm). The umbonal cavity is shallow (-0.03 mm3) and almost nonexistent in some 
specimens. The cardinal hinge plate is narrow (- 1.5 mm) and is thickest anteriorly 
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then tapers posteriorly. The entire hinge dentition is short (- 25 mm), but this is 
possibly due to the shortened shell length. The pseudocardinal teeth are triangular 
with fine vertical striae on both the teeth and sockets. They are narrow (-8.5 mm) 
and comprise roughly 30% of the total dentition length. The teeth are moderately 
prominent above the hinge line (-2 mm). The orientation of the teeth varies 
considerably within the species adopting one of three orientations: 1) extending 
orthogonally from the beak, 2) oblique towards posterior margin, or 3) curved 
concavely towards posterior margin. The right valve consists of two sockets-the 
anterior socket is half the size of the posterior socket. There is also one wedge-
shaped tooth similar in size to the anterior socket. The left valve consists of two 
teeth-the anterior tooth is thin and ridgelike, which is about 30% of the size of the 
posterior tooth and less prominent. The left valve also has one deep socket about 
the size of the posterior tooth. The lateral teeth are long and slender increasing in 
width posteriorly and displaying moderate curvature. The right valve consists of 
one ridgelike tooth bracketed by two sockets. The dorsal socket is shallow, and 
the ventral socket curves up slightly almost forming a second tooth. The left valve 
consists of two teeth-the ventral tooth increases in prominence posterodorsal and 
the dorsal tooth is uniform throughout and less prominent. The anterior adductor 
muscle scar is deep and heart-shaped, and the posterior adductor scar moderately 
deep and half-ellipse shaped. The pallial line is a prominent flattened "U" 
following the ventral margin, usually asymmetric towards the posterior margin. 
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Unio brachyopisthus (White, 1876) 
"Shell small or of medium size, somewhat gibbous, subcircular in 
marginal outline, the length and height being about equal; umbones broad, not 
prominent; beaks depressed, situated near the middle of the dorsam; postero-
dorsal portion broad, depressed so that rounded umbonal ridges are formed, which 
extend to the postero-basal extremity, and the hinge ligament is hidden from sight 
by side view of the shell. Surface marked only by the ordinary lines and 
lamellations of growth. Length and height of the largest example discovered, each 
. forty four millimeters. This species may be readily distinguished from all others 
by its subcircular, marginal outline and its extremely short and abruptly rounded 
posterior. The shortness of the posterior ~ortion does not appear so conspicuously 
in the young shell as in the adult, becaus~ the additions by growth are made more 
rapidly upon the basal and antero-basal borders than elsewhere." 
Plesielliptio brachyopisthus (Hartman, 1976) 
"Shell form variable, smaller shells with oval to oblong marginal outlines 
(height two-thirds shell length) and larger shells and some intermediate size shells 
with a more trapezoidal marginal outline (height three-quarters or more of shell 
length). Ventral margin broadly convex; dorsal margin in smaller shells broadly 
convex sloping towards posterior margin producing a relatively narrow convex to 
slightly subtruncate margin; in larger shells the dorsal margin is relatively 
abbreviated producing a relatively long, truncated posterior margin. Beak length 
ranging from one-tenth to one-third shell length; smaller shells seem to have a 
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more anteriorly placed beak. Beak low, somewhat enrolled. Shell surface smooth 
except for typical Plesielliptio umbonal sculpture consisting of about 12 
concentric cormgations traversed by two thin, slightly divergent costae originating 
from the posterior side of the beak; the ventral costae becomes obscure in a 
postero-ventral direction; the ventral [ dorsal] costa follows the umbonal ridge and 
marks the change in surface slope between the anterior two-thirds of the shell and 
the posterodorsal one-third; anterior to the umbonal ridge, the surface is broadly 
convex, posterior to the ridge the shell surface slopes more steeply to the dorsal 
margin; in some specimens the change in slope is abrupt. Shell material thick; left 
valve with long, broadly convex groove for reception of lateral tooth or right 
valve; left valve with two pseudocardinal and on pyramidal-shaped socket, the 
dorsal tooth being more robust. Anterior and posterior muscle scars deeply 
impressed, posterior scar circular to slightly oval." 
Plesielliptio brachyopisthus (this report) (Plate III) 
Specimens are well preserved and frequently found complete and with 
little wear. The shell is small (Table 2) for the assemblage, about 45 mm in length 
and 30 mm in height, but can range (length x height) from 30 x 20 mm to 60 x 40 
mm. The beak, when not worn, is directed anteriorly. It is positioned from the 
. anterior margin at a distance of about 10 to 15% of the total shell length. The shell 
displays slight convexity (-12 mm). The shell is slightly to moderately robust 
anteriorly and centrally at about 4 mm each. It is moderately robust umbonally 
(-5 .5 mm) and stro~gly robust posteriorly (- 7 mm). The marginal outline shape 
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is generally ovate elliptical, but is highly variable within the species ranging from 
a longer, shorter more elongate shape to a shorter, taller more round shape. The 
anterior margin usually exhibits a slight to moderate curvature with a symmetrical 
shape. In some cases, however, the anterior margin may appear more inflated with 
respect to the umbonal region. The posterior margin usually exhibits a slight 
curvature but may also exhibit moderate curvature depending on the marginal 
outline shape of the specimen. This margin will almost always exhibit stronger 
curvature posteroventrally, which gives the posterior margin a truncated 
appearance in relation to the dorsal margin. The dorsal margin most often exhibits 
a strong curvature, which seems to be associated with the truncation of the 
posterodorsal region; due to the truncatidn, the margin almost always appears 
asymmetrical with the higher point anterndorsal. The ventral margin exhibits a 
slight to moderate curvature, sometimes appearing flattened; the margin most 
.often is symmetrical. The lunule and escutcheon are elliptical with tapered ends. 
The posterior ridge and slope are not prominent. Around the umbo are eight to 
fifteen prominent concentric ridges. Dorsally, there is a pair of fine postumbonal 
ridges that diverge slightly posterodorsally and terminate at or beyond the 
midlength of the shell. 
The umbo is moderately prominent at about 1.5 mm above the hinge line. 
The umbonal cavity is shallow (- 0.07 mm3) . The cardinal hinge plate is laterally, 
finely striated and narrow to moderately wide (- 1.8 mm). It is thickest anteriorly 
and tapers posterodorsally. The length of the hinge dentition is short for the 
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assemblage(-25 mm). The pseudocardinal teeth are narrow (-10 mm) and 
comprise 35-40% of the total dentition length. They are triangular with fine 
vertical striated on both the teeth and sockets. The orientation of the 
pseudocardinal teeth usually extends orthogonally from the beak or are oblique 
towards the posterior margin; however, in some cases, the teeth also may curve 
concavely posteriorly. The teeth are moderately prominent (-2.4 mm). The right 
valve consists of two sockets-the anterior socket is deep and about 30% of the 
size of the posterior socket, which is broad and rounded. The right valve also has 
one wedge-shaped tooth about half the size of the posterior socket. The left valve . 
consists of two teeth-the anterior tooth is ridgelike and about 30% of the size of 
the posterior tooth, which is wedge-shaped and noticeably more prominent. The 
left valve also has one deep socket about half the size of the posterior tooth. The 
lateral teeth are long and slender and anteriorly increase in thickness posteriorly. 
They display strong curvature. The right valve consists of one very prominent, 
ridgelike tooth that increases in prominence near the middle of the hinge and then 
tapers slightly posterodorsally. When not wom it possesses very fine oblique 
striae. This tooth is bracketed by two sockets that only deepen posteriorly. The left 
valve consists of two ridgelike teeth and one deep groovelike socket-the ventral 
tooth is slightly more prominent than the dorsal tooth. The anterior adductor 
muscle scar is very deep and heart-shaped; the posterior adductor scar is 
moderately deep and half-ellipse shaped. The pallial line is a flattened "U" shape, 
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which follows the ventral margin, and is either symmetrically shaped or 
asymmetric with the greatest curvature anteroventrally. 
Genus Proparreysia 
The genus Proparreysia is the most diverse of all Hell Creek Formation 
unionid genera, including at least 10 defined species and several recognizable, but 
unnamed forms (Table 1). This genus is extinct, but it closely resembles the 
modem genus Parreysia. Proparreysia is generally highly sculptured on the umbo 
and shell surface, although, the specific types and patterns of sculpture varies 
among species. For this study, only the species P. letsoni and P. verrucosiformis 
were examined. 
Unio letsoni (Whitfield, 1907) 
"Shell rather below medium size for the genus, circular or broadly 
transversely oval in outline, and quite ventricose, but not globular. Beaks 
moderately large, nearly central, slightly oblique and but little enrolled. Surface of 
the shells highly ornamented except on the antero-based quadrant, where there are 
only strong concentric lines of growth. Along the center of the valves from beak 
to base, there runs a line of strong heavy nodes usually numbering four on adult 
shells, where the height from beak to base will be about a little more than one and 
half inches, or nearly four cm, where the transdiameter, from anterior to posterior 
~ 
of the outline will be about, or over, four and a half cm., or somewhat more than 
one and three fourths inches. Posterior to the median line of nodes and on the 
umbonal third of the shell there is always a double set of oblique depressed lines, 
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which give to this part of the shell the structure of a very coarse file. On the 
posterior half of the shell there is a system of oblique undulations or plicae which 
extends from the posterior side of the median line of nodes, gradually turning 
backwards and extending to the posterior margin of the valve and to the cardinal 
and basal edges of the shell, growing larger with the increasing growth of the 
valve. On the larger valve figured, these plications are sixteen in number, those of 
the beak portion being quite small and strongly curved towards the hinge. 
Between this set of markings and the central ridge there is usually another set of 
small ridges running between the starting of the posterior plicae and the central 
ridge, passing from the ends of the posteroventral ridge towards the anterior basal 
border and forming with the posterior plicae a series of very acute angles. These 
acute-angled ridges are most distinct on young individuals, often becoming faint 
from erosion on the older ones. On a single young individual of about an inch in 
height, there occur two small accessory nodes on each side of what would be the 
second node ofthe line on larger specimens. Interiorly the valves are deep, and of 
a brownish pearly color. The cardinal teeth are well developed, the hinge plate 
wide, the laterals curved and moderately high, and the space between the cardinals 
and the lateral somewhat flattened. The muscular scars are distinct and rather 
deep." 
Proparreysia letsoni (Russell, 1976) 
"Shell medium to rather large in size for the genus; orbiculoid, moderately 
convex. Beak slightly anterior to midlength, moderately prominent and a little 
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incurved. Disk moderately convex except in posturnbonal portion, which is 
slightly concave. Surface with numerous growth lines of varying prominence. 
Ornamentation both nodose and linear; nodes rather large, rounded and blunt, 
arranged in a slightly oblique row from umbo to ventral margin just behind 
midlength, three or four in number; posterior umbonal ornamentation consists of a 
series of narrow, slightly oblique Vis; anterior umbonal ornamentation of 
numerous oblique, finely nodose ridges; preumbonal ornamentation a series of 
fine ridges curving anterad and slightly dorsad to anterior margin, obscure on 
some specimens; posturnbonal ornamentation a series of increasingly coarse 
plications beginning behind the row of nodes and curving posteroventrad and 
posterad to posterior margin. Hinge plate!moderately wide anteroventral to beak, 
narrow posteriorly; left pseudocardinal t~eth two, radially incised, the posterior 
one in some examples bifurcated; right pseudocardinal tooth narrow, diverging 
only slightly from anterior dorsal margin, so that socket between is narrow; 
posterior lateral teeth slender, two on left valve, on eon right; anterior adductor 
muscle scar moderately deep; posterior scar very shallow." 
Proparreysia letsoni (this report) (Plate IV) 
Specimens are generally well preserved, and are sometimes worn 
umbonally and often break posteriorly. The shell is small to medium (Table 2) in 
size, with a 45 mm average length and 40 mm average height, which makes the 
length and height in this species nearly equivalent. The range of size in the species 
is variable (length x height) from 30 x 25 mm to 70 x 60 mm. The beak, when not 
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worn, is moderately prominent and directed anteriorly. It is positioned from the 
anterior margin at a distance of about 35 to 40% of the total shell length. The shell 
is moderately convex (-13 mm). The shell is moderately robust anteriorly (-4.5 
mm) and slightly robust centrally (-3 mm), posteriorly (-3 mm), and umbonally 
(-4.5 mm). The marginal outline shape is generally orbicular (round), but varies 
on degree of roundness. The anterior margin almost always exhibits a strong 
curvature making it appear inflated relative to the rest of the outline. The inflation 
of the margin also gives it an asymmetric shape displaying greatest curvature 
anterodorsally. The posterior margin exhibits a slight to moderate curvature, most 
often symmetrical, but may also display greater curvature toward the dorsal or 
ventral margins. The dorsal margin exhibits a moderate to strong curvature, most 
often asymmetrical, with the greater curvature anterodorsally. It may also display 
symmetric curvature. The ventral margin exhibits a strong, symmetric curvature, 
but may also display greater curvature posteroventrally. The lunule and 
escutcheon are elliptical with tapered ends. The posterior ridge is slightly 
prominent with a corresponding moderately prominent slope of -80 degrees from 
ridge to hinge line. Surficial sculpture is abundant across much of the shell. A 
pattern ofV-shaped divaricate ridges encompass the umbo covering about 25% of 
the anterodorsal region of the shell. A single row of nodes, usually numbering 
three or four, extend across the surface approximately parallel to the posterior 
ridge. The nodes vary in shape between flat-, round-, and pointed-topped, and are 
generally symmetrical or asymmetrical towards the posterior margin. They 
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generally average 1.5 to 2.5 mm above the shell surface, but this prominence 
varies with the size of the specimen. A series of very distinct ridges cover the 
posteroventral region of the shell. The ridges are generally narrow to medium in 
width and display definite concave curvature towards the dorsal margin. 
The umbo is very prominent, about 2.3 mm above the hinge line. The 
umbonal cavity is moderately deep (-0.3 mm3). The cardinal hinge plate is finely, 
laterally striated and moderately wide (-2 mm). It is thickest posteriorly and then 
tapers anteriorly. The average length for the entire hinge dentition is short for the 
assemblage (-25 mm). This low average is a result of the wide range of shell sizes 
observed in this species. The pseudocardinal teeth are triangular with moderately 
wide, distinct vertical striae on both the tbeth and sockets. The teeth are wide 
(-13.5 mm) and comprise about 40% of.the total dentition length. They are 
moderately prominent (-2.4 mm). The orientation of the pseudocardinal teeth is 
usually oblique anteriorly, but also extend orthogonally from the beak. The right 
valve consists of two sockets-the anterior socket is deeper than, and at least twice 
the size of, the posterior socket. The right valve also has a single wedge-shaped 
tooth nearly equivalent in size to the anterior socket. The left valve consists of two 
teeth-the anterior tooth ridgelike and more prominent than the posterior tooth, 
which is greatly reduced. There is one deep socket nearly equivalent in size to the 
anterior tooth on the left valve. The lateral teeth are long and slender with 
generally uniform thickness and prominence on both valves. The curvature is very 









consists of one thin tooth, bracketed by two shallow sockets. The left valve 
consists of two thin teeth separated by a deep groovelike socket. The anterior 
adductor muscle scar is deep and heart-shaped. The posterior adductor scar is very 
shallow, almost nonexistent with an indistinct shape. The pallial line is a rounded, 
symmetric "U" shape and follows the ventral margin. 
Unio verrucosiformis (Whitfield, 1903) 
"Shell of nearly medium size, circular in outline, compressed convex or 
subdiscoid on the surface, marked with a line of obtuse nodes from nearly central 
beak to the basal margin, each node giving origin to a strong ridge passing 
obliquely downward and backward to the posterior margin, very nearly at an angle 
of forty-five degrees. Anterior half of the shell smooth or marked only by coarse 
lines of growth." 
Proparreysia verrucosiformis (Russell, 197 6) 
"Shell medium sized, subcircular in outline, strongly convex in uncrushed 
specimens. Umbo near midlength, somewhat elevated and incurved, not inclined 
forward. Surface of umbo usually eroded but where preserved shows a series of 
fine, parallel ridges, directed obliquely posteroventrad; these ridges have a system 
of small, regularly spaced nodules, which line up as oblique rows at 
approximately right angles to the ridges. The umbonal ornamentation gives way 
on the disk to a series of coarse plications, which curve ventrad and 
posteroventrad, beginning just in front of midlength. From three or four of these 
plications blunt nodes project, arranged in three, less often in two, rows parallel to 
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the growth lines. The most prominent of these nodes are on the plications below 
the umbo, and they are lower posterad, becoming vestigial or absent on posterior 
slope of disk. Lunule short and deep, lanceolate; escutcheon long and narrow, in 
some specimens with the ligament preserved. Two left pseudocardinal teeth, 
diverging, the anterior directed anteroventrad, the posterior slightly posterad of 
vertical; sockets between teeth trianguloid, usually with irregular fluting, deepest 
just behind anterior tooth. One right pseudocardinal tooth, broadly trianguloid, 
with narrow socket in front nearly parallel to dorsal margin, and broader posterior 
socket opening posteroventrad. Anterior adductor scar semicircular, deep above, 
undercutting the hinge plate slightly; posterior scar rounded-trianguloid, very 
shallow and poorly defined." 
Proparreysia verrucosiformis (this report) (Plate IV) 
Specimens are generally well preserved, but are sometimes worn 
umbonally and will frequently break posteriorly. The shell is generally medium 
(Table 2) sized, with a 55 mm average length and 50 mm average height. The size 
of the species is variable, ranging (length x height) from 30 x 25 mm to 80 x 75 
mm displaying a nearly equivalent length and height. The beak is prominent and is 
directed anteriorly. It is positioned from the anterior margin at a distance of about 
30 to 40% of the total shell length. The shell is strongly convex (- 16 mm). The 
shell is stoutly robust anteriorly (- 6 mm), moderately to stoutly robust centrally 
(- 4.5 mm), slightly robust posteriorly (- 4 mm), and moderately to stoutly robust 
umbonally (- 6 mm). The shell displays its greatest robustness in the anterior and 
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umbonal regions with decreasing robustness toward the posterior of the shell. The 
general marginal outline shape is considered orbicular (round), but the species 
appears to display two distinct forms . Form A is very rounded, with the maximum 
length and height nearly equal and each margin exhibiting equal curvature; Form 
B is slightly more elongate, usually with a greater maximum length than height 
and a more inflated anterior margin. The anterior margin almost always exhibits a 
strong curvature, but its degree of curvature is proportional to the outline form. 
The margin is almost always asymmetrical with the greatest curvature 
anterodorsally. The posterior margin usually displays a slight to moderate 
curvature and is usually symmetrical. The dorsal margin exhibits a moderate to 
strong curvature and is usually asymmetrical, with the greatest curvature 
anterodorsally. In some cases, the dorsal margin may also display a symmetric 
shape. The ventral margin usually exhibits a strong curvature, but it may also be a 
more moderate curvature. The margin most often is symmetrical, but in some 
cases can display asymmetry posteroventrally. The lunule and escutcheon are 
elliptical with tapered ends and are relatively similar in size. The posterior ridge is 
slightly prominent with a corresponding moderately prominent posterior slope 
(-80 degrees). Various types of sculpture cover most of the surface of the shell, 
especially in the umbonal, posteroventral, and central regions. The dorsal 
sculpture is a series of prominent, chevron-shaped divaricate ridges that cover the 
umbonal region, or about 20% of the shell. The central area of the shell's surface 
contains a random pattern of nodes, numbering from four to fifteen. These nodes 
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are commonly flat-topped and rise about 2 to 3 mm above the surface of the shell. 
They often consist of a diverse assortment of shapes and sizes, and often on the 
same specimen. In the posteroventral region, there exists a series of very 
prominent, moderate to wide ridges that are either basically straight or curve 
slightly toward the dorsal margin. 
The umbo is quite prominent, averaging about 3 mm above the hinge line. 
The umbonal cavity is deep (-0.5 mm3) . The cardinal hinge plate is finely, 
laterally striated and quite wide (- 2.5 mm), basically uniform in thickness. The 
hinge dentition is relatively short for the assemblage (- 30 mm). The 
pseudocardinal teeth are triangular with wide, distinct vertical striae or ridges on 
both the teeth and sockets. The teeth are kide (-16.5 mm) and comprise about 
half of the total dentition length. They ~e moderately prominent (- 2.5 mm). The 
orientation of the teeth is usually either orthogonal from the beak or oblique 
toward the anterior margin, but they may also appear to slightly curve concavely 
anteriorly. The right valve consists of two deep sockets- the posterior socket is 
shorter and equal to slightly smaller than the anterior. On the right valve there is 
also a single tooth that is about the same size as the anterior socket. The left valve 
consists of two wedge-shaped teeth similar in size, with one socket that has 
prominent ridges within. The lateral teeth are long and roughly uniform in 
thickness and prominence, only slightly thicker and more prominent posteriorly. 
They display moderate curvature. The right valve consists of one ridgelike tooth 
bracketed by two sockets that do not appear as true sockets. The left valve consists 
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of two slender teeth with one deep groovelike socket in between. The anterior 
adductor muscle scar is deep and heart-shaped, and the posterior adductor scar is 
shallow. The pallial line, when apparent, is "U" shaped and symmetrical 




Statistical methods were employed in this study to address two basic objectives: 
1) to test the hypothesis that each species is significantly different from its sister species, 
2) to determine whether each species is unique when compared with all other study 
' 
species. Various methods were employed to test these two basic objectives. Initially, the 
standard deviation was calculated for each character trait in order to identify specimens 
that were prominent outliers from the species norm. Once a testable sample was achieved, 
I 
I 
discriminant analysis was incorporated to test the degree of separation of.each sister 
species set. Cluster analysis was used to show connections among sister species sets and 
all other species. Finally, cladistics was incorporated to ascertain the possible 
phylogenetic relationships between sister species sets, as well as among the entire sample. 
In statistical procedures (e.g., discriminant and cluster analysis), shell size and shape tests 
were separated to ensure that there was no conflict between data types that might have 
altered the results. Shell size refers to any quantitative character trait, such as basic size 
parameters or traits dealing with the prominence or volume of a feature. Shell shape 
refers to any qualitative character trait, such as traits dealing the degree of curvature, 
shape, or orientation of a feature. In the cladistic analysis, all traits were utilized to 
achieve the most comprehensive sense of the phylogenetic relationships. 
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Creating a Testable Matrix 
The initial sample set consisted of 291 specimens, which included an assortment 
of right, left, and articulated valves representing adult morphology. Due to the need to 
construct a sample large enough to yield usable results and to overcome the difficulty in 
assessing the exact placement of a specimen within its ontogeny, there was no effort to 
select specimens representing similar stages in ontogeny aside from using strictly adult 
· forms. A sample set containing specimens, all of which represent similar stages in their 
ontogeny, would be ideal to decease the variance in physical characteristics due to age 
differences; however, when dealing with fossil specimens, this is virtually impossible. As 
stated, specimens were chosen for their quality of preservation for accurate measurement. 
The high degree of variation of shell ages within the sample set has likely caused the 
inclusion of specimens that lie outside of the recognizable norm for each species. This 
facet of the sample was first observed when constructing models illustrating the linear 
relationship of each trait compared to the maximum length of the species. The outliers 
were visually separate from the calculated trend line for each graph, but it was necessary 
to make exclusions based on conclusive data rather than visual comparison. To 
accomplish this, the mean and standard deviation were calculated for each trait of each 
species. As a cutoff point, an outlying value was determined to be any value existing 
outside the range of two standard deviations above or below the mean for each character 
trait. Any specimen possessing three or more outlying values was considered a noticeable 
outlier from the norm of the species, and therefore was excluded from any further 
analysis. 
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The sample set was reduced further for the majority of statistical procedures by 
removing the articulated specimens. A substantial number of the character traits used for 
this analysis were acquired from internal views of the specimen, such as the volume of 
the umbonal cavity. or the prominence of the pseudocardinal teeth. Data for such traits 
could not be obtained for the articulated specimens. In spite of the value of including 
articulated forms in statistical analyses, these specimens were removed on the basis of a 
significant amount of unattainable information that would have altered the results of the 
statistical tests. 
When running certain analyses, entirely complete data sets were necessary, thus 
no missing character trait values for any specimen were allowed. When necessary, the 
sample was reduced to specimens that contained! a complete set of character trait 
information. This was most evident in certain st~tistics programs, like PAST 
(PAleontological STatistics; Hammer et al., 2001) and DISCRIM (LeFever) . 
Unfortunately, in some cases, the sample was reduced drastically from its original size, 
which provides the possibility for a misrepresentation of the whole species. In the 
instance where the only missing character trait was the absence of a maximum shell 
length due to a broken specimen, the length was calculated using proportions obtained 
from the growth lines. For this method, the ratio of the shell length and height taken at the 
oldest complete growth line was used to calculate the maximum shell length from the 
previously measured maximum shell height. The length-to-height ratio is age dependent, 
so a series of growth line ratios were obtained from complete specimens of the same 
species representing different onto genetic stages. Subsequently, the relative age of the 
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growth line measured for the broken specimen was compared with the corresponding 
ratio obtained from the complete specimen. From this procedure, an approximate but 
likely meaningful, maximum length could be determined to a level of accuracy that could 
be used in further analyses . 
Discriminant Analysis 
Discriminant analysis, or discriminant function analysis, is a multivariate 
statistical method that involves testing the separation of two groups through the linear 
combination of a series of variables ( discriminant function) that would produce the 
greatest difference between the groups (Davis, 2002). In regard to species discrimination, 
this method provides a means to test whether or not there is significant separafion 
between two supposed species based on selected variables ( character traits) that 
ultimately establish valid species concepts. If a discriminant function is obtained through 
the analysis that indicates a significant separation of two samples, then the function can 
be applied to classifying new samples on the basis of the variables used in the original 
analysis (Davfs, 2002). This is readily useful for species discrimination where an 
unknown specimen retaining certain similarities to either of the analyzed species can be 
classified based on the specimen's characteristics. The actual procedure of discriminant 
analysis works by obtaining a discriminant score for each specimen, which is the result of 
the transformation of the specimen's raw measurements by the discriminant function into 
a single value (Davis, 2002). The discriminant score represents the placement of each 
specimen within each designated group or, in other words, the amount to which the 
specimen can be assigned to a specific group . Quantitatively, the separation of two groups 
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is measured by the Mahalanobis distance (D2), which is the multivariate distance between 
the means of the two groups, and D0, which is the halfway point on the Mahalanobis 
distance line (Davis, 2002). D0 is then the position at which there is the best separation of 
the two groups and the discriminant scores should plot on either side of this position. 
Once D2 and D0 are calculated, it is necessary to statistically test the significance of the 
separation of the two groups. This can be accomplished through an F-test, where an F-
ratio is calculated from the specific data and compared to a standard table ofF-values for 
the number of degrees of freedom for the analysis (Davis, 2002). The null hypothesis for 
testing separation states that the groups are the same and the Mahalanobis distance is 
zero. Thus, if the calculated F-ratio is greater than the tabular F-value, there is significant 
separation of the two groups and the null hypothbsis is rejected. 
Discriminant Analysis Applied to H~ll Creek Formation Unionids 
Discriminant analysis applies to species discrimination of the Hell Creek 
Formation unionids because the species studied exist as four pairs of sister species. This 
statistical method is logically used to test the separation, or species distinction, of sister 
species sets. To ensure that all aspects of the species morphology were incorporated 
without compromising the analysis, the discrimination of species was tested separately 
through shell size and shape parameters. In the tests involving the shell size, character 
traits were only incorporated that were most likely to assist in the separation of particular 
sister species. For example, Plesielliptio gibbosoides and P. whitfieldi do not possess 
nodular sculpture in either form, so traits related to nodes were removed from that 
particular analysis. Furthermore, in size analyses, there was substantial variation in the 
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magnitude of values between character traits, as well as variation in the units of measured 
character traits . Therefore, it was imperative to standardize all size related character traits 
around the mean and standard deviation of each whole sample. Despite the apparent need 
to standardize measurements for proper analysis, each shell size test was performed 
without standardization for comparison of the methods of the analysis. For shell-shape 
related tests, the small number of shape character traits compared to shell size 
necessitated that all shape traits be incorporated into the analysis regardless of their likely 
contribution to separation. 
For a comparison ofresults between statistical programs, discriminant analysis 
was run in the programs DISCRIM and PAST. Both programs require that the two groups 
being analyzed are designated prior to the test; however, this is somewhat undesirable 
when trying to determine the actual existence of two distinct species. DISCRIM provides 
a variety of information pertaining to the statistical aspects of the data sets, including the 
means, standard deviations, function coefficients, percent contributions for each variable, 
discriminant scores for each observation (specimen), and, most importantly, the D2, D0, 
and F-ratio values for the analysis. PAST provides only the function coefficients, 
discriminant scores, and percent of observations that were correctly classified, but the 
data can be presented easily in a histogram. The discriminant scores in PAST are 
ascertained and conveniently plotted on either side of 0, which represents the hypothetical 
line between the two species. As the discriminant score approaches 0, the observation 
(specimen) approaches the opposing group (species) . Despite the histogram feature that is 
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available in PAST, DIS CRIM is preferred for its variety of information regarding the 
significance of the test. 
Plethobasus aesopiformis and Plethobasus biesopoides 
For use in the program DISCRIM for shell-size related tests, 20 Plethobasus 
aesopiformis specimens and 23 P. biesopoides were tested using 18 corresponding 
character traits in both standardized and nonstandardized formats . The results of the 
analysis conducted with standardized variables yielded a significant separation of the two 
groups based on size parameters through the calculated F-ratio of 15.846 compared to the 
tabulated value of 2.03 with 18 and 24 degrees of freedom. Considering the closeness of 
the calculated and tabulated F-values, one could deduce that the two groups (species) are 
closely related based on shell size. This is to be dxpected since both species are assigned 
to the same genus, which would typically indica~e a close relationship. In this analysis, 
the volume of the umbonal cavity contributed most to the separation of these species, 
accounting for 59% of the variance. However, the prominence of the umbo and 
pseudocardinal teeth also accounted for a substantial amount of the separation. The 
character traits that accounted for the least amount of variance were the width of the 
cardinal teeth and the shell convexity. These results are intriguing because the umbo and 
teeth prominence appeared to be noticeable differences between the two species but did 
not substantially contribute to their separation according to this particular analysis. 
Certain traits appeared to be important factors in discrimination, such as the prominence 
of the nodular sculpture and the angle of the posterior slope, but neither of these proved 
to be significant in the analysis . Likewise, the prominence and width of the 
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pseudocardinal teeth were visually distinctive between the two species, but the 
pseudocardinal width was the least significant character trait determined by the analysis. 
At this point, there seems to be no explanation for the differences between the 
discriminant analysis and visual comparison of the two species. The results of the 
significance of the character traits in this analysis are inconclusive and should be further 
investigated. 
The results of the discriminant analysis performed without standardizing the size 
variables were similar to the test with standardization. A calculated F-ratio of 13.695 
greater than the tabular F-value of 2.03 with 18 and 24 degrees of freedom suggest a 
significant separation between the species. Again, the calculated and tabular values are 
similar, which is to be expected from the taxonomic assignment. In contrast to the 
previous test, the character traits that contribute most to the separation were the angle of 
the posterior slope and the shell convexity (35% and 21 %, respectively). This was an 
unforeseen result considering that these character traits were among some of the least 
contributing factors with the standardized variables. This could either be explained by the 
greater physical size of these traits leading to higher values or potentially these traits 
provide an alternative view as to how the species are distinguished. 
Discriminant analysis of Plethobasus aesopiformis and P. biesopoides was also 
conducted in the program PAST using standardized and nonstandardized shell size 
character traits. Using standardized variables, there were 15 specimens of P. aesopiformis 
and 13 specimens of P. biesopoides with 10 character traits that were selected on the basis 
of their potential to discriminate the species. This analysis achieved assignment of 100% 
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of the observations correctly into their previously designated groups, thus demonstrating 
separation of the two species based on nonstandardized size parameters (Fig. 12a). As 
stated earlier, the program PAST does not specify an F-ratio or the relative contribution 
of each variable to the separation. Therefore, no information regarding the statistical 
significance of the separation or the bearing of each character trait on the analysis could 
be ascertained. The resulting histogram with the corresponding discriminant scores do 
illustrate the position of each observation within each group or, in other words, the degree 
to which each observation belongs within its designated group. 
The test ran with nonstandardized variables included 16 specimens of Plethobasus 
aesopiformis and 17 specimens of P. biesopoides tested using 13 size variables. Through 
this particular analysis, it was determined that 100% of the specimens were assigned to 
their original groups (Fig. 12b). This analysis al~o demonstrates the distinction of the two 
species based on standardized variables . 
According to the discriminant analyses performed in both the DISCRlM and 
PAST computer programs, Plethobasus aesopiformis and P. biesopoides are both distinct 
species based on size parameters. Depending on the method of analysis, the character 
traits contributing most to the discrimination of species is variable. In spite of the obvious 
species distinction, both programs illustrate the similarity of the two species in the same 
genus. In DISCRlM, species show similarity due to the closeness ·of the calculated F-
ratios and tabular F-values. In PAST, the close proximity of the two groups in the 
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Figure 12. Discriminant analysis of Plethobasus aesopiformis (right) and 
Plethobasus biesopoides (left). A. Standardized size; B. Nonstandardized size; C. Shape. 
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Since shell-shape related character traits are qualitative, they were numerically 
coded for use in discriminant analysis and, as a result, did not need standardization. 
Shape analysis in DISCRIM included 20 specimens of Plethobasus aesopiformis and 12 
specimens of P. biesopoides with 14 character traits. The results yielded no significant 
separation of the species based on the calculated F-ratio of 0.641 being less than the 
tabular F-value of 2.31 with 14 and 17 degrees of freedom. Although there was no 
significant separation, the shape of the anterior margin and pseudocardinal teeth were the 
most effective character traits in w}:iatever separation existed. This was expected based on 
visual examination of the species. The anterior margin in P. aesopiformis retained more 
pronounced curvature than P. biesopoides, and, likewise, the pseudocardinal teeth in P. 
aesopiformis were oriented differently than P. biesopoides. When the specimens that 
were assigned to the opposite species were examined, they did appear to lie outside of the 
average shape for the species. For example, specimen S3014 was classified as P. 
aesopiformis based on its possession of only one row of nodes; however, discriminant 
analysis assigned it incorrectly, possibly due to its more oblong shape not common to the 
species. 
The same analysis ran in PAST yielded similar, slightly better, results. The test 
utilized 11 shape character traits and 21 specimens of Plethobasus aesopiformis and 22 
specimens of P. biesopoides. Through this test, 97.67% of the observations were correctly 
classified into their initial groups, which suggests that there is a noticeable distinction of 
these two species. The only specimen that was not correctly categorized was P. 
biesopoides S3030, which possesses a slightly rounder shape than what is typical for the 
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species. In spite of its classification, the discriminant score of specimen S3030 places it 
close to the 0-line, or close to its proper group. Despite the apparent success ofthis 
analysis in determining separation of species, the histogram displays definite closeness of 
the two groups (Fig. 12c). This could imply a similar ecologic adaptation of the species 
assigned to this genus. 
Despite the discrepancy between the two shape analyses, there is a general pattern 
of separation observed in both analyses. In both programs, the distinction of Plethobasus 
aesopiformis from P. biesopoides based solely on shell shape is, at best, ambiguous. This 
would imply that the shell shapes of Hell Creek Formation species of Plethobasus show 
definite similarity and cannot be used as a positive indicator of species. 
Plesielliptio gibbosoides and /pzesielliptio whitfieldi 
This particular discriminant analysis, using 15 standardized size variables, used 26 
specimens of Plesielliptio gibbosoides and 11 specimens of P. whitfieldi. The lack of 
mostly complete P. whitfieldi specimens resulted in a reduced sample of the species, 
especially when compared to its sister taxa, P. gibbosoides. This small sample may yield 
an inaccurate representation of the whole species and may potentially skew the 
interpretation of the statistics results. For the purposes of this study, the reduced sample 
of P. whitfieldi will be assumed to represent the whole species with its natural range of 
morphologies. The results concluded that there was a significant separation of the species 
by a greater calculated F-ratio (1447.803) than the tabular F-value (2.11). the umbonal 
cavity volume contributed an overwhelming amount (99%) to the separation of the two 
groups, suggesting that the two species are rather similar besides the distinct difference in 
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the umbonal cavity. The remaining character traits accounted for relatively the same 
amount of the separation, with the exception of the prominence of the pseudocardinal 
teeth, which was noticeably the least contributing factor. The importance of the umbonal 
cavity in discriminating the species in this analysis was unexpected, due to the visible 
similarity in the size and shape of the cavity in the initial inspection. However, the strong 
contribution of the umbonal cavity implies that, despite the visible similarity, this trait is 
highly diagnostic of species. 
The analysis with nonstandardized variables used 26 specimens of Plesielliptio 
gibbosoides and 11 specimens of P. whitfieldi tested with 15 size character traits. The 
calculated F-ratio was 16.878 which was greater than the tabular F-value of 2.11 with 15 
and 24 degrees of freedom. This rejects the null hypothesis and concludes that there is a 
significant separation of the two species. The greatest contributing factor to the separation 
of the two groups is the maximum shell height (69%), yet the umbonal prominence, 
lateral tooth curvature, and posterior shell robustness also account for 25 to 30% of the 
separation. The character trait contribution outcome of the nonstandardized size 
discriminant analysis confirmed the initial visual distinction of the species. When 
originally assigning specimens to either group, the smaller shell height and minimally 
curved lateral teeth of P. whitfieldi were the most often used character traits to distinguish 
between the two species. The character traits with the least contribution to the analysis 
were the dentition length and maximum shell length. The interpretation of these results 
suggests that there is an apparent similarity in the length of the shell possibly due to 
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generic likeness; however, other morphological affinities, such as the shell height or 
thickness, distinguish the two species. 
The discriminant analysis in PAST presented similar results for 23 specimens of 
Plesielliptio gibbosoides and 8 specimens of P. whitfieldi using 10 standardized size traits 
selected especially for their potential for species discrimination. Using PAST, all 
specimens were correctly classified into their original groups; therefore, P. gibbosoides 
and P. whitfieldi are both distinct species based on shell size using standardized values. 
Likewise, the large distance between the groups on the histogram illustrates that they are 
distinct species (Fig. 13a). 
Using 12 nonstandardized variables to evaluate 22 specimens of Plesielliptio 
gibbosoides and 8 specimens of P. whitfieldi, all iof the specimens were correctly assigned 
into their original groups using PAST. This indi~ates that the two species examined are 
distinct on the basis of nonstandardized size parameters. Likewise, the histogram also 
verifies the separation of the two species similar to using standardized character trait 
values (Fig. 13b). 
Discriminant analysis with DISCRIM used 14 coded character traits related to the 
shell shape. There were 37 specimens of Plesielliptio gibbosoides and 14 specimens of P. 
whitfieldi. Analogous to the Plethobasus shape discriminant analysis, DIS CRIM found 
that there was not a significant separation of the two groups. The calculated F-ratio of 
0.656 was lower than the 1.92 tabular F-value, which does not reject the null hypothesis 
that the two groups are the same. The calculated and tabular F-values were close, which 
may suggest that these two groups are somewhat distinct, but not distinct enough to reject \_ 
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Figure 13. Discriminant analysis of Plesielliptio gibbosoides (right) and 
Plesielliptio whit.fie/di (left) . A. Standardized size; B. Nonstandardized size; C. Shape. 
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the null hypothesis. In fact, the majority of specimens (82%) were placed into their 
original groups. Statistically, the null hypothesis is either accepted or rejected, but 
comparing the actual F-values might help determine the likely results of the analysis. For 
the purposes of this study, comparing the F-values aids in interpreting the relative 
closeness of the sister taxa. According to the results, the symmetry of the posterior and 
ventral margins contributed the most to the separation, while the shape of the 
pseudocardinal teeth contributed the least to the separation. The character trait 
contribution agreed with the initial observations on morphologic distinction. Initially, the 
two species were interpreted as being distinct based on the outline shape, where the dorsal 
and ventral margins were almost parallel in P. whitfieldi, and its posterior margin 
expressed a more pointed, lanceolate shape. As for the specimens that were incorrectly 
assigned to groups, they were reevaluated and found to have no discemable pattern that 
would explain the incorrect classification. The general shell shapes of all incorrectly 
classified specimens followed the typical shape of the species, and it is likely that the 
incorrect placement is because of very slight variations from the norm. According to 
DISCRIM, this variation excluded the specimens from its original group, but it is not 
likely substantial enough to exclude them from the species. 
The shell shape discriminant analysis using PAST and DISCRIM generated fairly 
comparable results. The PAST analysis incorporated 38 specimens of Plesielliptio 
gibbosoides and .17 specimens of P. whitfieldi that were tested using 11 character traits. 
Of the specimens analyzed, 87.27% were correctly classified, which is similar to the 82% 
calculated in DISCRil\.1. These results show that the two species are observably distinct 
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for the majority of the specimens, but also that a definite relationship exists in their shell 
shapes. This is also illustrated in the histogram showing each species' occupation of 
identifiable space, with an noticeable overlap around the 0-line of separation (Fig. 13c ). 
This analysis also parallels DISCRIM in the group of specimens that were not assigned to 
their original groups. Several of the same specimens appear to consistently fall outside 
their supposed species range. The two most likely explanations are that some of the 
specimens were initially misidentified and should in fact belong to their sister species, or 
that these specimens demonstrate that the two species possess an apparent likeness in 
their shell shape. Either way, the fact that these specimens are consistently excluded 
shows that a larger sample size should be used as part of additional study. 
Plesielliptio postbiplicatus and Pkesielliptio brachyopisthus 
There were 15 standardized size variable.s incorporated into a DISCRIM analysis 
of 35 specimens of Plesielliptio postbiplicatus and 28 specimens of P. brachyopisthus. 
The results indicate that there was a significant separation of the two groups based on a 
calculated F-ratio of275.73 greater than the tabular F-value of 1.87 with 15 and 47 
degrees of freedom. The much higher calculated value, suggesting minimal similarity, is 
surprising considering the definite physical similarity between the two species. In the 
other sister species sets already discussed, the calculated and tabular F-values were rather 
similar, which is interpreted to represent generic level similarity. If this is the case, this 
pattern should appear with P. postbiplicatus and P. brachyopisthus. The reason for the 
large F-value difference observed in this analysis is unclear at this time and perhaps 
should be tested again with a larger sample with more variables in order to understand the 
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reason for this difference. Statistically, one character trait stood out as contributing the 
most to the separation. The volume of the umbonal cavity accounted for 96% of the 
separation, which is interesting considering the slight difference in volume observed 
between the species. Despite the overwhelming effect the umbonal cavity volume had on 
species distinction, the maximum shell height and convexity also noticeably contributed 
to the separation, while the maximum shell length contributed the least. The importance 
of the maximum shell height displayed in the analysis is noteworthy because of its use in 
the initial discrimination, which was based on the larger shell height compared to shell 
length and truncated posterior margin of P. brachyopisthus. The result of this particular 
analysis reinforces the initial observations on what morphological character traits defined 
each species. 
The same analysis, using 35 specimens of Plesielliptio postbiplicatus and 28 
specimens of P. brachyopisthus, performed with 15 nonstandardized variables, produced 
slightly different results. This analysis produced a significant separation of the two groups 
by a greater calculated F-ratio (5 .996) than tabular F-value (1.87 with 15 and 47 degrees 
of freedom) . In spite of the rejection of the null hypothesis, similar to the analysis with 
standardized variables, five specimens were incorrectly placed into their original groups 
by examining their discriminant scores. The 92% correct classification definitely supports 
the discrimination of the two groups, but the results being less than perfect invite further 
investigation. Examination of the misplaced specimens did not resolve their 
misclassification. Two observations regarding this particular sister species set potentially 
controlled the results observed in this analysis : 1) the visible morphological similarity 
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between P. postbiplicatus and P. brachyopisthus was so strong that it reduced the 
accuracy of the initial discrimination, and 2) the high degree of morphological variation 
within each species blurred their defining characteristics. As was expected, the maximum 
shell height was, by far, the character trait contributing most to the separation at 91 %. The 
thickness of the shell anteriorly and centrally, the width of the pseudocardinal teeth, and 
the shell convexity also noticeably contributed to the separation (around 15% each), and 
again the maximum shell length was the least effective trait. The similarity in importance 
of the shell height, length, and convexity to the analysis with standardized variables also 
reinforces the initial view regarding the P. postbiplicatus-P. brachyopisthus species 
discrimination. The two species have similar shell lengths, but P. brachyopisthus has 
greater height and convexity. 
The analysis in PAST with standardized variables utilized 10 size-related 
character traits selected for their potential for discrimination. There were 35 specimens of 
Plesielliptio postbiplicatus and 20 specimens of P. brachyopisthus. The results showed 
that 93% of the specimens were correctly classified into their initial groups. Although the 
results were not perfect, the high level of accurate classification does support valid 
discrete species. The four misplaced specimens still retained morphological aspects of 
their original classification, but upon further examination, they appear to also possess 
similarities to the groups into which they were placed. This overlap in character traits 
between the species can be attributed to the high amount of discernable variation within 








Figure 14. Discriminant analysis of Plesielliptio postbiplicatus (right) and 
Plesielliptio brachyopisthus (left). A. Standardized size; B. Nonstandardized size; 
C. Shape. 
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The discriminant analysis ran in PAST with 12 nonstandardized size-related traits 
used 37 specimens of Plesielliptio postbiplicatus and 26 specimens of P. brachyopisthus. 
The results were quite similar to those obtained using standardized variables, where 93% 
of the specimens were correctly classified into their original groups (Fig. 14b). Again, 
four specimens were misplaced. They appear to retain several characteristics of both the 
species (e.g., a larger shell size in P. postbiplicatus), which would explain their 
misclassification. The appearance of several specimens that possess characteristics of 
both species with morphologies that are unique for either species, strengthens the 
argument that there could potentially be several valid species with a similar morphology. 
Only further investigation into the various constituents of the short form of the genus 
Plesielliptio is likely to answer these questions. 
The shape related analysis in DISCRIM used 14 coded character traits for 40 
specimens of Plesielliptio postbiplicatus and 28 specimens of P. brachyopisthus. As was 
expected following initial examination, the results produced no significant separation of 
the _species. The null hypothesis was not rejected through the calculated F-ratio (0.95) 
being lower than the tabular F-value (1.87 with 14 and 53 degrees of freedom) . Eleven 
specimens were assigned to the opposite groups producing an 84% accuracy rate of 
classification, but more than three-quarters of the sample were correctly placed into their 
original groups. Despite the lack of a significant separation, discrimination between the 
species is possible. The lack of a statistical separation supports the already observed 
morphological similarity between the species and the high degree of variation in shape 
within each species. The trait contributing the most (41 %) to that separation is the shape 
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of the dorsal margin. Aside from the dorsal marginal shape, the posterior and anterior 
marginal shapes also contribute a fair amount to the separation (-20%). Comparing the 
shapes of the two species, the dorsal margin in P. brachyopisthus is more highly curved 
compared to P. postbiplicatus, and the posterior and anterior margins in P. 
brachyopisthus display less curvature. In fact, the higher curvature in P. brachyopisthus 
was one of the defining factors used in the initial discrimination of the sample. Of the 
specimens that were incorrectly classified, many of them have appeared in the incorrectly 
assigned set in other analyses, strengthening their descriptive classification as having an 
ambiguous morphology. The substantial amount of misplaced specimens, either initially 
mislabeled or having an overlapping morphology, helps to promote the conclusion that 
the two species are quite similar both in size anct! shape. 
In PAST, the same analysis used 11 cod~d traits related to shape on 39 specimens 
of Plesielliptio postbiplicatus and 29 specimens of P. brachyopisthus. The outcome of 
this analysis was comparable to the results from DISCRIM and found 87% of the 
specimens correctly assigned to their original groups (Fig. 14c ). Although PAST 
produced higher classification accuracy, there were still nine specimens that were not 
grouped correctly. There is a combination of specimens that possess characteristics of 
both species and those that appear to have been initially incorrectly diagnosed. 
Proparreysia letsoni and Proparreysia verrucosiformis 
The discriminant analysis of Proparreysia letsoni and P. verrucosiformis m 
DISCRIM employed 16 standardized size related character traits using 25 specimens of 
P. letsoni and 29 specimens of P. verrucosiformis. The analysis revealed a statistically 
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significant separation through a calculated F-ratio of 78.019 greater than the tabular F-
value of 1.92 with 16 and 37 degrees of freedom. The much higher calculated value, with 
a large Mahalanobis distance (130.671), implies that the distinction between these species 
is considerable based on standardized size parameters. The character trait that effected the 
. separation the greatest was the volume of the umbonal cavity, which was initially 
observed to be mostly indistinguishable between species. Despite the initial observations 
on morphological differences, 71 % of the separation was produced by the umbonal cavity 
volume. The only other character traits that appeared to contribute to the separation were 
the maximum shell height and the prominence of the nodular sculpture. These traits 
contributed roughly 10% of the total separation. In contrast to the umbonal cavity, the 
maximum shell height was initially observed to be a distinguishing feature based on the 
consistently shorter, more elongate form of P. letsoni. The maximum shell length and 
prominence of the pseudocardinal teeth were determined to contribute the least to the 
separation, which were initially observed to be similar. 
The similar analysis in DISCRIM using 16 nonstandardized size variables with 25 
specimens of Proparreysia letsoni and 29 specimens of P. verrucosiformis yielded a 
comparable outcome. There was a significant separation with a calculated F-ratio of 
11.283 and a tabular F-value of 1.92 with 16 and 37 degrees of freedom, although the 
distance between the species (18 .897) was far less . The analysis still generated 
statistically discrete species, but the degree of distinction between the two species was 
' 
less obvious than the previous analysis. The use of nonstandardized variables also 
























nodes and the umbonal shell thickness contributed roughly equal amounts to the 
separation (-40%). Considering that both character traits are recognizably different 
between the species, these traits appropriately contribute the most to the separation. The 
least effective character traits were the width of the hinge plate and the shell convexity, 
which do appear similar between species. 
The PAST discriminant analysis used 10 standardized size parameters selected for 
their potential for discrimination. The analysis employed 17 specimens of Proparreysia 
letsoni and 22 specimens of P. verrucosiformis. The results correctly classified all 
specimens into their original groups, signifying a definite recognition of the species. 
Despite the obvious distinction, the two species are situated near each other on the 
histogram indicating a close relationship in size (Fig. 15a). This outcome potentially 
illustrates generic similarity and evidence of valid sister species. Because no test for 
significance with a calculated Mahalanobis distance is provided in PAST, no statistical 
relationship between the species can be determined. Nevertheless, it is clear that the 
PAST results identified two discrete species. 
The PAST analysis used 12 nonstandardized size parameters that employed 14 
specimens of Proparreysia letsoni and 17 specimens of P. verrucosiformis. Comparable 
to using standardized variables, all specimens were correctly placed into their original 
groups, which again implies distinct species. The only difference between this analysis 
and that with standardized variables is that the two groups are closer together on the 
histogram, which suggests less definitive species discrimination (Fig. 15b ). Nonetheless, 
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Figure 15. Discriminant analysis of Proparreysia letsoni (right) and 
Proparreysia verrucosiformis (left) . A. Standardized size; B. Nonstandardized size; 
C. Shape without posterventral ridge traits; D. Shape with posteroventral ridge traits. 
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the discriminant analysis in PAST produced discrete species based on nonstandardized 
size character traits. 
The discriminant analysis in DISCRIM for Proparreysia letsoni and P. 
verrucosiformis using shape parameters was the only shell-shape test to return a 
statistically significant separation. Fourteen coded variables were used with 16 specimens 
of P. letsoni and 33 specimens of P. verrucosiformis. The separation was confirmed by a 
greater calculated F-ratio value (3 .172) than the tabular F-value (2.01 with 14 and 34 
degrees of freedom) . The calculated and tabular F-values are almost equal, indicating 
close similarity. All specimens were correctly assigned to their initial groups. Therefore 
the analysis supports discrete species based on their shell shape. Two character traits 
stand out (-45%) as the primary indicators of the separation. These are the width and 
curvature of the posteroventral ridges that appear only on these two species. The 
difference in the posteroventral ridges of these two species is most likely the reason why 
this was the only successful shape analysis. The shape of the posteroventral ridges was 
observed to be the most informative trait when initially discriminating P. letsoni from P. 
verrucosiformis other than the pattern of nodular sculpture; therefore, it seems logical that 
this trait contributes the most to species separation in discriminant analysis. 
The shape analysis in PAST included 23 specimens of Proparreysia letsoni and 
27 specimens of P. verrucosiformis. The analysis was originally conducted with the same 
11 coded shape variables as the other sister species sets, yet this did not include the traits 
related to the posteroventral ridges that greatly effected the analysis in DISCRIM. The 
analysis was rerun with the curvature and width of the posteroventral ridges as 
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supplemental to the initial 11 traits. The contrast between the two analyses was 
significant. Without the posteroventral ridge variables, the analysis assigned only 78% of 
the specimens correctly (Fig. 15c). The general shell shape of the species is quite similar 
and the low assignment accuracy observed in the analysis is to be expected. The overall 
' . 
outline shape and tooth shape is roughly the same in both species, and the analysis should 
have difficulty in discriminating these two species on these parameters alone. However, 
once the posteroventral ridge character traits were added to the analysis, there was 
definitive separation of species. All specimens were correctly classified, and there was a 
noticeable separation seen on the histogram (Fig. 15d). Thus, P. letsoni and P. 
verrucosiformis possess similar shell shapes to the degree that the two species cannot be 
distinguished on these traits alone. However, their posteroventral ridges are considerably 
different and can be used in combination with the remaining shape parameters to 
discriminate between species. 
Discriminant analysis outside of sister species sets 
Plethobasus aesopiformis and Proparreysia letsoni 
To achieve a sense of the relationships between species from different genera or 
between all species of one genus, several discriminant analyses were run outside of 
testing sister species sets. Plethobasus aesopiformis was tested against Proparreysia 
letsoni because they possess several comparable character traits despite their different 
assignment to genera, which results primarily from the linear row of nodes on the shell 
surface. By utilizing discriminant analysis, we may be able to see how these similar traits 
effect the separation of species from different genera. Like the analyses between the sister 
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species sets, size and shape parameters were tested separately. For the size related 
analysis, only standardized variables were used to simplify the procedure. There were a 
total of 16 variables, 20 specimens of Plethobasus aesopiformis, and 25 specimens of 
Proparreysia letsoni. The results indicated that there was a significant separation based 
on the calculated F-ratio (154.543) greater than the tabular F-value (2.04 with 16 and 28 
degrees of freedom). The considerably higher calculated F-ratio, along with the high 
Mahalanobis distance (341.762), suggests that these two species are noticeably different. 
Therefore, the fact that Plethobasus aesopiformis and Proparreysia letsoni share some 
morphological qualities does not factor into their discrimination as distinct species from 
separate genera. Likewise, the analysis using shape parameters not only strengthened the 
argument that morphological similarity does nofwarrant taxonomic similarity, but it 
generated even stronger results . The analysis used 14 coded shape variables with 20 
specimens of Plethobasus aesopiformis and 16 specimens of Proparreysia letsoni. Again, 
there was a significant separation based on a greater calculated F-ratio (184.751) 
compared with the tabular F-value (2.18 with 14 and 21 degrees of freedom) . The even 
greater calculated F-ratio and Mahalanobis distance (471.115) provide an even stronger 
distinction between species than the previous analysis. Although there is superficial 
morphological similarity between Plethobasus aesopiformis and Proparreysia letsoni in 
regard to surface sculpture and overall shell size, they show little morphological 
similarity that would consider them the same species. 
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Genus Plesielliptio 
Discriminant analysis was also used to test the relationships within the genus 
Plesielliptio. The species of Plesielliptio in the Hell Creek Formation can occur in two 
general shell forms, an elongate and a shortened form. The two sister species sets of this 
study represent each of these forms. Plesielliptio gibbosoides and P. whitfieldi represent 
the elongate form and P. postbiplicatus and P. brachyopisthus represent the short form. 
Since all species of Plesielliptio can be distinguished on the basis of the same generic 
traits, there is the possibility that all constituents are actually morphotypes of the same 
species. As a result of this possibility, discriminant analysis was used to test the validity 
of species distinctiveness through apparent similarities and dissimilarities in shell size 
and shape between these two forms of Plesielliptio. Fifteen standardized variables were 
used in the shell size analysis with 40 specimens of the elongate form and 63 specimens 
of the short form. The outcome showed a strong separation with a calculated F-ratio of . 
132.501 much greater than the tabular F-value of 1.78 with 15 and 87 degrees of freedom. 
The high Mahalanobis distance (94.308) also indicates very distinct groups, which 
implies very distinct forms of Plesielliptio . The analysis using shape parameters still 
generated a significant separation, but several specimens were incorrectly assigned. There 
were 14 coded character traits with 51 specimens of the elongate form and 68 specimens 
of the short form. The calculated F-ratio was 9.648, which was much greater than the 
tabular F-value of 1. 77 with 14 and 104 degrees of freedom but 21 specimens were 
incorrectly classified. The relatively small Mahalanobis distance (5 .214) and the 82% 
classification accuracy suggest that the distinction between the elongate and short forms 
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based on shell shape is far less obvious than that based on shell size. Therefore, the two 
different forms of Plesielliptio can be statistically distinguished, making their individual · 
species valid, but the noticeable association in the shell shapes makes the species almost 
only differentiable based on size related morphology. 
Cluster Analysis 
The term cluster analysis is applied to the set of techniques used for classifying 
observations into groups so that ultimately those groups are relatively homogeneous and 
distinct from other such groups (Davis, 2002). In other words, cluster analysis looks for 
logical groupings, called clusters, which are based on the observed similarities of their 
members and their distinction from other groups. The entire series of clusters is generally 
displayed as a branching tree diagram ( dendrogr~m), which shows the most similar 
clusters near the top or outside of the diagram and progressively less similar approaching 
the base or inside (Fig. 16). This is especially applicable to taxonomy, where the pattern 
of clusters potentially reveals the evolutionary relationships between organisms through 
the creation of a phenogram (taxonomic tree diagram). With the onset of computer 
technology, cluster analysis has greatly advanced through the ability to incorporate vast 
amounts of data into a single analysis potentially making the analysis more informative 
(Davis, 2002). 
Despite the obvious advantages of cluster analysis, there are limited tests for 
significance, which makes it statistically difficult to interpret accurately. One common 
method for assessing the significance of a dendrogram is through the calculation of the 
cophenetic correlation (r-value ) . This value is a measure of the goodness of fit of the 
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cluster analysis, or the degree of correlation of a matrix of cophenetic values calculated 
from the tree with the original matrix from which the tree was constructed. There are no · 
statistical tests for the cophenetic correlation, but subjectively, it is appropriate to say that 
a cophenetic correlation of 0.8 or higher implies a good fit. It is often broken down 
further into the subcategories: r < 0.7 = very poor fit, 0.7 ~ r < 0.8 = poor fit, 0.8 ~ r < 
0.9 = good fit, and r ~ 0.9 = very good fit. 
Regardless of the lack of typical statistical tests for the validity of the proposed 
groupings, cluster analysis is still an informative and highly used procedure. In general, 
cluster analyses can be grouped into one of four different types: 1) partitioning, where 
clusters are formed defining regions that are defined by the variables that are poorly 
populated with observations and separate densely populated regions; 2) arbitrary origin, 
where clusters are formed on the similarities between observations and arbitrary starting 
points; 3) mutual similarity, where clusters are formed by observations that have a 
common similarity to other observations; and 4) hierarchical clustering, where the most 
similar observations are clustered first, and then progressively combines the next most 
similar observation to the first group until all observations are classified (Davis, 2002). 
Although the other methods are all commonly used, the hierarchical clustering procedure 
is the most widely used in geology and paleontology. In hierarchical clustering, there is a 
set number of objects (n), or observations, possessing a certain number of measurements 
for each object (m), which then forms a data matrix (n x m) (Davis, 2002). Once this 
matrix is constructed, a measure of the similarity between objects is determined between 
every pair in the matrix (Davis, 2002). One of the most commonly used measures of 
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similarity is the Euclidean distance, which is simply the distance between two objects 
(Davis, 2002). A small distance implies a large amount of similarity between the objects, · 
whereas a large distance implies less similarity. As in discriminant analysis, the variables 
are often standardized to lessen the effect that variables with a higher magnitude would 
have on the outcome of the analysis. 
Cluster Analysis Applied to Hell Creek Formation Unionids 
Cluster analysis methods were applied to species discrimination in the Hell Creek 
Formation for their ability to group taxa based on similar measurements. This analysis is 
ideal for interpreting the relationships between sister species sets using a data set of 
measured character traits. Cluster analysis is similar to discriminant analysis in that it 
classifies objects into relatively homogeneous grbups that are then seen as distinct 
species. Cluster analysis is different in that it als.o determines the relationships between 
more than two groups. The ability to analyze several groups at one time makes it possible 
to interpret the clustering patterns between many species, which is applicable for studying 
the relationships between all study species from different genera in the Hell Creek 
Formation. As a result, cluster analyses were performed on all sister species sets, as well 
as the eight species together. Cluster analyses based on the size and shape of the shell 
were both utilized to compare outcomes using different types of data. Due to the 
difference in magnitude among the size-related character traits and differences in their 
units, these data sets were standardized on the basis of the mean and standard deviation of 
each set. The data sets were also left nonstandardized to compare with the results 
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acquired from the standardized data. The shape-related traits were all qualitative and were 
numerically coded for use in the analysis. 
Two computer programs were employed to generate cluster analyses. The 
biological statistics program, NTSYSpc (numerical taxonomy and multivariate analysis 
system; Rohlf, 2000), was used for the shell size related analyses. In this program, data 
sets are interpreted as a rectangular matrix that must be first converted into a similarity-
dissimilarity matrix before they are put through any sort of multivariate statistical 
method. 
For this study, each data set was converted into the similarity-dissimilarity matrix 
through the program's interval data feature, which calculates the similarities between 
objects using only quantitative data. The similarity-dissimilarity matrix of interval data is 
constructed based on the average "taxonomic" distance calculated between objects 
(specimens), which is similar to the Euclidean distance or a measure of the dissimilarity 
between taxa. 
Once the original data has been converted into the similarity-dissimilarity matrix, 
cluster analysis is performed by implementing the SAHN method. SAHN (Sequential, 
Agglomerative, Hierarchical, and Nonoverlapping clustering methods) uses a series of 
clustering steps repetitively until the matrix is reduced by joining OTU's (operational 
taxonomic units, in this case, specimens) to equal or less than 2 x 2. The series follows 
four basic steps: 1) the matrix is searched for a pair of objects that are the most similar, 2) 
the objects are connected into a new cluster, 3) the matrix is recalculated incorporating 
the cluster as a new single object and not as two separate objects, where similarities are 
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calculated between the previous objects and the new cluster, and lastly, 4) steps 1-3 are 
repeated as necessary until the matrix is 2 x 2 or smaller. Often through this process, there 
will be ties between several objects at step 1. For the comparison of sister species sets, 
NTSYSpc was programmed to show all versions of trees when ties were found. 
Nevertheless, for all analyses incorporating size related data, there was only a single tree 
found with no ties. When qualitative data was tested with SAHN, several tied trees were 
found. Because there was no simple way of assessing the fitness of each tree, qualitative 
data was analyzed in a different program. The UPGMA (unweighted pair group method 
with arithmetic average) was the preferred clustering procedure for this study. UPGMA 
constructs a tree assuming that the distance between clusters, or their similarity, is the 
average distance betwee~ the objects in those grJups. The tree is then created in a step-
wise manner as described for SAHN. 
Since the trees generated from qualitative data in NTSYSpc are most often tied 
(several observations in the first step of clustering are equally related), shape related 
cluster analyses were performed in PAST. This program produces hierarchical clustering 
through UPGMA, single linkage method, or Ward' s method, which clusters objects so 
that the variance within each group is minimized. For the analyses of the Hell Creek 
Formation species, UPGMA was implemented with the similarity calculated by the 
Euclidean distance. Again, in Euclidean distance, smaller distances imply greater 
similarity. Also, to promote simplicity in the interpretation of qualitative data, it is 
assumed that the tree generated in PAST represents the most likely clustering pattern 
using the UPGMA method based on Euclidean distance. 
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The end result produced four separate analyses with different data matrices for 
each sister species set. Specimens were clustered based on shell size in the program 
NTSYSpc and were analyzed using an original nonstandardized data matrix, a 
standardized version of the original data matrix with missing data, and a standardized 
matrix once all specimens with missing data were removed. When the original data is 
standardized, the process provides a new standardized value for all missing values 
regardless of the character trait. Since the same standardized value is inserted in every 
open space in the matrix, there is a somewhat skewed interpretation of the range of values 
for each character trait. Therefore, it was valuable to run cluster analysis using 
standardized versions of the matrix with and without its missing data. The fourth analysis 
was shell-shape related and was performed in the program PAST. 
Plethobasus aesopiformis and Plethobasus biesopoides 
Analysis based on the original data matrix incorporated 22 specimens of 
Plethobasus aesopiformis and 25 specimens of P. biesopoides, with 20 nonstandardized 
size-related character traits. The calculated cophenetic correlation was 0.68 . This suggests 
that the clusters do not accurately represent the relationships in the original data matrix, 
and should be regarded with caution as to the actual similarity between species. Despite 
the low cophenetic correlation of the analysis based on nonstandardized size variables, 
the clustering of specimens into species groups is relatively accurate. The purpose of 
cluster analysis is to try to group objects into larger clusters based on apparent similarity, 
and this particular analysis was successful in producing two definite clusters representing 
each species based on morphologic similarity. All specimens of P. aesopiformis were 
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clustered together, as well as most of the specimens of P. biesopoides (at a distance value 
of 5.6) (Fig. 16a). The clusters appear quite accurate within the dendrogram, but the high 
values produced by the specimens added to the clusters do suggest limited similarity. The 
only specimen that was not clustered into its supposed species was the P. biesopoides 
specimen S3027. The results indicate that P. aesopiformis is somewhat smaller than P. 
biesopoides, and, although S3027 is P. biesopoides, it is slightly smaller than the species 
norm and may simply represent a younger specimen. Further scrutiny of the dendrogram 
established an overall trend of size related clusters for all specimens. This clustering trend 
is likely due to the fact the analysis did not use standardized variables to account for the 
differences in character trait magnitude, especially the greater maximum shell length and 
height. As a result, specimen S3027 was grouped with P. aesopiformis based on a similar 
shell length and height, rather than other charact.eristics that were common to P. 
biesopoides. 
On the basis of a data matrix that was simply a standardized version of the 
original quantitative (shell size) matrix, 22 specimens of Plethobasus aesopiformis and 
25 specimens of P. biesopoides were analyzed. The amount of variables was reduced to 
10 character traits that were selected based on their actual potential to discriminate 
species. The dendrogram generated a cophenetic correlation of 0.9, which, according to 
the subcategories listed previously, implies a very good fit. This high value suggests that 
the clusters generated provide a relatively accurate portrayal of the relationships between 
the objects. Overall, the dendrogram depicts clustering of two separate species, with most 
P. aesopiformis specimens clustering together (at a distance value of 0.22) and most P. 
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biesopoides specimens clustering together (at 0.32). In this analysis, the clusters are not as 
homogeneous as with nonstandardized variables (Fig. 16b). Again, S3027 was clustered 
in with P. aesopiformis; however, the P. aesopiformis specimens, S3009 and S3010, were 
clustered together but with P. biesopoides overall. Although the variables were 
standardized, the aforementioned specimens were incorrectly classified most likely on the 
basis of size. Specimen S3027 is smaller than average for P. biesopoides, and S3009 and 
S3010 are comparatively larger than average for P. aesopiformis. Although these 
specimens retain several major similarities with their original species assignments, they 
also have several aspects that may separate them enough to cluster with the opposite 
species. There was also a small group of three P. biesopoides (S3026, S3028, S3063) that 
clustered together, but are completely separate fiom the bulk of the specimens. A single 
specimen of P. aesopiformis (S3041) clustered ~s a completely unique entity. The small 
group of P. biesopoides all share a missing posterior region that may have grouped them 
separately from the rest of the species. Specimen S3041 shows no outstanding differences 
that would warrant its exclusion from the general clustering structure of the dendrograrn. 
Cluster analysis was performed using 10 standardized variables, and incorporated 
16 specimens of Plethobasus aesopiformis and 13 specimens of P. biesopoides with no 
missing data. The cophenetic correlation was calculated as 0.68, which suggests the 
clusters constructed do not represent the relationships within the sample. Despite the 
results indicated by the cophenetic correlation, the dendrogram depicts apparently 
accurate clusters. Both species are observably distinct in the dendrogram, with the 
majority of specimens clustered into their appropriate species groups at distance values of 
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0.21 (P. aesopiformis group) and 0.28 (P. biesopoides group) (Fig. 16c ). The only 
specimens that were exceptions to the clusters of species were two specimens of P. 
aesopiformis (S3009 and S3010), which were identified in the previous analysis as both 
larger than average specimens. These two specimens likely appear in the P. biesopoides 
group due to their retention of characteristics similar to the species, despite the lack of the 
diagnostic double row of nodes. Overall, the dendrogram suggests two separate groups or 
two discrete species. 
Finally, the shell shape relationships were tested with cluster analysis using 21 
specimens of Plethobasus aesopiformis and 22 specimens of P. biesopoides with 11 
coded character traits. The program PAST does not calculate the cophenetic correlation, 
so the goodness of fit cannot be assessed for this particular dendrogram. Therefore, any 
interpretation of the dendrogram is purely subjective based on the arrangement of the 
clusters. Overall, the specimens do not display clustering into two distinct species (Fig. 
17a). There are distinct smaller groups that consist of the same species, but they do not 
cluster at a higher level with the remainder of their species. Subjectively, the two species 
do not show discrete shape relationships, but the lack of cophenetic correlation value 
makes this assumption inconclusive. 
Plesielliptio gibbosoides and Plesielliptio whitfieldi 
Cluster analysis with 20 nonstandardized size-related character traits tested 40 
specimens of Plesielliptio gibbosoides and 19 specimens of P. whitfieldi. The calculated 
cophenetic correlation was 0.74, suggesting that there was abundant noise in the analysis 
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displays two basic clusters dominated by each species, but the individual clusters are 
quite heterogeneously arranged. The majority of specimens of P. gibbosoides cluster 
together (at a distance value of 3.6), and most specimens of P. whit.fie/di cluster together 
( at a distance of 4.9) (Fig. 18a). The clusters appear to rely heavily on the overall size of 
the specimens, which is evident by the smaller specimens of P. gibbosoides clustering 
with P. whitfieldi and vice versa. This is likely due to the large difference in the 
magnitude .of each character trait in the nonstandardized variables. The large distances 
imply that there was little similarity between the specimens with which the clusters were 
generated. Together with the low cophenetic correlation, the dendrogram shows that the 
method of clustering had difficulty in generating groups that properly represent the 
relationships between the species. As a result, thb clusters cannot be interpreted with a 
high degree of precision. However, the overall s~ngle species dominated clusters 
demonstrate definite structure within the sample, but with several inherent problems in 
the amount of noise within the analysis. 
The standardized version of the original matrix again incorporated 40 specimens 
of Plesielliptio gibbosoides and 19 specimens of P. whitfieldi, but now investigated only 
10 quantitative character traits that potentially would contribute to discrimination. The 
cophenetic correlation was 0.94, which resulted in distinct clusters. Despite the high 
cophenetic correlation value, the dendrogram displays three major clusters corresponding 
to a small P. whitfieldi dominated cluster, a large heterogeneous P. gibbosoides-
dominated cluster, and a cluster composed of specimens with missing posterior regions 
(Fig. 18b ). It is likely that the small cluster of posteriorly broken specimens was a result 
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of the standardization process, which gave them the same value for maximum length. The 
small cluster of predominantly P. whitfieldi clusters at a distance value of 0.31, and the 
larger cluster of mostly P. gibbosoides clusters at 0.33. The smaller distances in which 
species clustering occurs reflects greater specimen similarity, which also complies with 
the high cophenetic correlation. This is most likely a result of the standardization of 
variables unlike the previous analysis. Unfortunately, regardless of standardization, the 
remaining clusters are seemingly constructed based on similarity in the basic size 
parameters instead of other quantitative traits. Within this sister species set, there is often 
strong similarity in the maximum length between species, but difference in other traits 
like the size of the pseudocardinal teeth or volume of the umbonal cavity. Thus the 
clustering method apparently bases much of the tree construction on traits that do not 
fully represent the species. This would explain the heterogeneity in clusters, but a broad 
interpretation of the dendrogram suggests some structure in the sample separating the two 
species. 
Following the removal the specimens possessing missing information for some 
traits, the analysis now incorporated 18 specimens of Plesielliptio gibbosoides and seven 
specimens of P. whitfieldi. The analysis used 10 standardized character traits selected for 
their discrimination potential. The calculated cophenetic correlation was 0.84, which 
suggests the clusters generated are distinct and can be assumed to accurately represent the 
relationships in the sample. The resulting dendrogram shows the same general trend of 
clusters as the other analyses for this sister set. There are two basic groups dominated by 
each species that cluster at similar distance values as those determined by the previous 
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analysis using standardized variables. The clusters are rather heterogeneous in spite of the 
smaller total sample (Fig. 18c). Of the seven specimens of P. whitfieldi, only four were 
members of the P. whitfieldi dominated cluster. As previously observed in the other 
analyses for these species, the larger specimens of P. whitfieldi were clustered with the P. 
gibbosoides group. Apparently the clustering is based more on the basic shell size 
parameters rather than other quantitative traits. For example, further examination of the 
clusters revealed that the larger P. whitfieldi had comparable lengths and heights to P. 
gibbosoides, but still maintained the lesser curvature of the lateral teeth that was first 
suspected of being a crucial discriminatory trait. There is some structure of the sample 
into two distinct species, but the clusters depicted in the dendrogram are similar to those 
from the previous analyses. The clusters show oJly superficial similarities and not 
similarity related to the species. 
Using cluster analysis to examine the shell shape (qualitative) relationships 
resulted in a more heterogeneous dendrogram than those determined using quantitative 
character traits. The dendrogram created in PAST does not have a cophenetic correlation 
with which to verify the validity of the clusters, but it is apparent that there are two main 
groups that do not correspond to species. When the data were examined for each cluster, 
it was evident that the clusters were constructed based on differing pseudocardinal teeth 
shapes (Fig. 19a). One cluster was composed of strictly oblique teeth and one strictly of 
curved teeth. Both teeth shapes were common in both species resulting in significantly 
intermixed clusters. In order to achieve a more accurate view of shape relationships, the 
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dendrogram was once again very heterogeneous, but there were more species groupings 
than in the previous analysis (Fig. 19b). The dendrogram displayed four distinct clusters: 
two larger clusters dominated by each species, a small cluster of three Plesielliptio 
gibbosoides (S3082, S4512, S4534), and a single P. whitfieldi (S4272) that was a 
complete exception to the grouping structure. The small cluster of P. gibbosoides 
possesses an unusual shape in the anterior region distinct from the rest of the sample. 
Specimen S4272 possesses an entirely unique shape. The remaining clusters appear to 
group based on the symmetry of the posterior and ventral margins. This is to be expected 
considering the typical lanceolate shape of P. whitfieldi, which would give the species a 
unique shape in the posteroventral region. The specimens that were clustered within the 
other species group may have been misidentified initially, or may have maintained some 
overlapping shape characteristics (e.g., P. whitfieldi marginal shapes similar to P. 
gibbosoides). Despite the mixed clusters, there is an overall structure in the sample that 
seems to correspond to separate species once the shape of the teeth was removed. This 
pattern seems to uphold the validity of both species. 
Plesielliptio postbiplicatus and Plesielliptio brachyopisthus 
The cluster analysis of a data matrix with 20 nonstandardized, quantitative 
character traits tested 40 specimens of Plesielliptio postbiplicatus and 29 specimens of P. 
brachyopisthus. This dendrogram may not accurately represent the relationships in the 
sample by the low calculated cophenetic correlation of 0.68. Subjective interpretation of 
the dendrogram suggests little structure in the sample, or clusters that do not correspond 
to separate species. There are three major clusters depicted in the dendrogram: one 
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generally composed of P. postbiplicatus, one composed of mostly P. brachyopisthus, and 
one that is an equal mix of both species (Fig. 20a). The P. postbiplicatus group clusters at 
a distance value of 1.67, the P. brachyopisthus group clusters at 1. 79, and the remaining 
group clusters at 1.85. Although two of the clusters are predominantly one species, the 
analysis has determined the cluster of P. brachyopisthus to be mostly related to the 
intermixed group ( clustered at a distance value of 2.13) and only joined with the P. 
postbiplicatus group in the last step. Similar to the preceding clustering structures for 
nonstandardized matrices, the three major clusters are grouped on basic size relationships. 
In general, P. brachyopisthus is a larger species than P. postbiplicatus; however, there are 
extremes at either end of the spectrum for both of the species. The smaller specimens of 
P. brachyopisthus cluster with the P. postbiplicdtus group, while the cluster of intermixed 
species represents the intermediate sizes in bot~ species. Some ofthe larger specimens of 
P. postbiplicatus that cluster in the P. brachyopisthus group actually appear to resemble 
the latter species more than the former, and therefore they were likely initially 
misdiagnosed. The low cophenetic correlation coupled with the large clustering distances 
points to inaccurate clusters, but some structure is evident, suggesting some 
discrimination of the species. Despite the presence of some structure, interpretations of 
the natural relationships between species are not conclusive. 
An analysis of a standardized version of the original data matrix used the same 
number of specimens, but with a reduced character set of 10 traits. The cophenetic 
correlation was calculated to be 0.72, which produced a poorly fit dendrogram that was 
slightly better than the analysis without variable standardization. The dendrogram 
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displays comparable structure as in the previous analysis, with a Plesielliptio 
postbiplicatus dominated cluster joining at a distance value of 0.25 and a P. 
brachyopisthus dominated cluster joining at 0.13 (Fig. 20b ). In this dendrogram, the 
structure is more complicated, where several specimens are added to the dendrogram as 
separate entities from the general grouping structure. These separate specimens do have 
unique characteristics, such as a much larger shell height versus the length, which might 
exclude them from the remainder of the group. There is another distinct cluster of 
essentially P. postbiplicatus ( at a distance value of O .11) closely related to the P. 
brachyopisthus cluster (Fig. 20b ). This second P. postbiplicatus-dominated cluster seems 
to represent the larger variety of P. postbiplicatus grouped with a few specimens of a 
moderately sized P. brachyopisthus . Similar to the tree constructed from nonstandardized 
variables, the three noticeable clusters correlate better to small, medium, and large shell 
sizes than to species. Subjective interpretation of the dendrogram shows structure 
pertaining loosely to species, but the low cophenetic correlation makes this interpretation 
inconclusive. 
Performing the cluster analysis with the standardized matrix, removing specimens 
with missing information, utilized 10 selected character traits and 35 specimens of 
Plesielliptio postbiplicatus and 20 specimens of P. brachyopisthus. The clusters 
generated from this analysis are potentially inaccurate by the low calculated cophenetic 
correlation of 0.69 (Fig. 20c). Thus the interpretation of the relationships between the 
species is subjective at best. The dendrogram clustered the sample into three recognizable 
groups corresponding to a P. postbiplicatus dominated cluster joining together at a 
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distance value of 0.15, a P. brachyopisthus dominated cluster joining at 0.13, and a 
second P. postbiplicatus cluster closely related to the P. brachyopisthus group clustering 
at 0.12 (Fig. 20c). A small group of four individuals, as well as a single specimen of P. 
brachyopisthus, are somewhat excluded from the general grouping pattern, but they are 
added in the last few steps ( at distance values of 0.25 and 0.2, respectively). The common 
thread in each cluster, as it was in the previous analyses for this sister set, is a similarity 
in overall shell size. Since there is a noticeable difference in size between the species, the 
clusters essentially correspond to species. However, the existence of forms outside the 
average size of each species that are present in the wrong cluster suggests that the method 
of clustering is based on superficial similarities and not related to species. Nevertheless, 
there is at least some structure to the sample, butithe low cophenetic correlation suggests 
that the dendrogram produced is likely to provide misinformation regarding sister species 
relationships. 
In the shape cluster analysis, two major clusters were constructed with a small 
group of two specimens added during the final step (seen as exceptions). The two clusters 
do not correspond to species, yet same species will cluster in smaller groups (Fig. 21a). 
Inspection of the raw data revealed that the clusters were based on the shape of the 
pseudocardinal teeth, much like the other Plesielliptio species. The shape of the teeth has 
not appeared to be species specific due to its even distribution of oblique posterior, 
curved posterior, and orthogonal forms. The clusters were composed of posteriorly 
oriented teeth and orthogonally oriented teeth, and the two exceptions were excluded 
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shape as a testable trait, the analysis was performed again that resulted in a more 
homogeneous dendrogram (Fig. 21b). Two major clusters, essentially dominated by one · 
species, were displayed in the dendrogram with a few specimens added in the final steps. 
Examination of the raw data concluded that the clusters were now based on the shape of 
each margin. One major cluster consisted of specimens that had a more highly curved 
anterior and posterior margin with a corresponding flatter ventral and dorsal margin 
(Plesielliptio postbiplicatus ). The other cluster consisted of specimens that had less 
curvature in the anterior and posterior margins with more curvature in the ventral and 
dorsal areas (P. brachyopisthus). This pattern was observed in the specimens where the 
truncation of the posterior margin in P. brachyopisthus gave that margin less curvature 
with proportionally greater curvature in, at least, the dorsal margin. These traits were used 
as some of the initial diagnostic character traits. Although there is no calculated 
cophenetic correlation to confirm the distinctiveness of the clusters, there is discemable 
structure in the sample that is also observed in the specimens. 
Proparreysia letsoni and Proparreysia verrucosiformis 
Cluster analysis of the raw, nonstandardized data used 20 quantitative character 
traits and 27 specimens of Proparreysia letsoni and 35 specimens of P. verrucosiformis. 
The cophenetic correlation, calculated to be 0.75, was low enough to consider the 
dendrogram to have substantial noise but high enough to suspect that the clusters may 
represent somewhat accurate relationships. Nevertheless, the dendrogram should be 
interpreted cautiously with consideration for the amount of noise. The main portion of the 
tree is separated into two clusters: one dominated by P. verrucosiformis ( clustering at a 
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distance value of 3 .24) and one evenly heterogeneous between both species ( clustering at 
4.12) (Fig. 22a). There is also a small group of five P. letsoni specimens that cluster with 
the bulk of the tree in the last step. The high clustering distance values indicate low 
similarity in the sample, which may account for the heterogeneous clusters. Examination 
of the specimens confirmed that, similar to the previous sister sets, the clusters are based 
on the length and height of the shell. The small cluster of P. letsoni represents the 
noticeably smaller than average specimens (perhaps juvenile forms). This common 
attribute groups these small specimens together, but clusters them separately from the 
general grouping structure. In general, P. verrucosiformis is a larger species, which is 
evident in the cluster of larger specimens dominated by this species. The intermixed 
cluster includes the smaller than average P. verdcosiformis and the average sized P. 
letsoni . The dendrogram displays some structure. in the sample, but the low cophenetic 
correlation and reliance on overall shell size makes the clusters superficial and 
unrepresentative of species discrimination. 
The standardized matrix contained 10 selected character traits and 27 specimens 
of Proparreysia letsoni and 35 specimens of P. verrucosiformis. The dendrogram resulted 
in a cophenetic correlation of 0.94, which suggests that the clusters accurately represent 
the relationships among the sample. This dendrogram depicts four discernable clusters. 
Three clusters are closely related. They are a small group of the small specimens of P. 
letsoni (clustered at a distance value of 0.07) that cluster (at 0.57) with a larger cluster 
composed of a P. verrucosiformis-dominated cluster ( at 0.28) and a P. letsoni-P. 
verrucosiformis intermixed cluster (at 0.33) (Fig. 22b). The fourth cluster is composed of 
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Figure 22. Size cluster analysis of Proparreysia letsoni (1) and 
Proparreysia verrucosiformis (v) . A. Nonstandardized; B. Standardized; 




all specimens with broken posterior margins, which only join the remaining sample in the 
last step and will be compensated for in the matrix that removes specimens with missing 
information. A general trend appears in the size-related cluster diagrams of these two 
species that shows the main portion of the dendrogram divided into larger specimens 
(mostly P. verrucosiformis) and medium-sized specimens (both P. letsoni and P. 
verrucosiformis). The remainder of the dendrogram displays a cluster comprised of the 
small P. letsoni specimens that are distinct from the grouping structure. The high 
cophenetic correlation suggests that the clusters produced by this analysis are distinct and 
accurately represent the sample even though they appear to be superficially based on size. 
The matrix that removed the specimens with missing information used 10 selected 
standardized character traits with 17 specimens of Proparreysia letsoni and 23 specimens 
of P. verrucosiformis . The cophenetic correlation was 0.78 for this particular dendrogram, 
which is still considered to indicate unacceptable noise when constructing the clusters, 
but very close to the 0.8 cutoff value. Therefore, it is likely that the clusters do represent 
viable relationships between the specimens, but they should still be interpreted with 
caution. This dendrogram is comparable to the previous analyses in the generation of 
three basic clusters. They represent the small forms of P. letsoni ( clustered at a distance 
value of 0.07) that combine with a larger cluster composed of a group of larger specimens 
of P. verrucosiformis (clustered at 0.28) and a heterogeneous group of moderate-sized 
specimens (clustered at 0.34) (Fig. 22c). Although the specific clusters and the distances 
at which they join differ between dendrograms, the same basic overall shell size based 
structure appears in all three analyses. This suggests that, despite the low cophenetic 
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correlations in two of three analyses, the clusters that were produced do depict the 
relationships between the specimens. The clusters corresponding loosely to species are a 
result of the superficial reliance on overall shell size, and not species discrimination. 
The shape cluster analysis involves a matrix in which 13 coded character traits 
with 23 specimens of Proparreysia letsoni and 27 specimens of P. verrucosiformis were 
tested. The resulting dendrogram yielded three distinct clusters basically corresponding to 
species. A larger cluster, composed of a group of all P. verrucosiformis and a group of all 
P. letsoni, joins with a mixed cluster, composed of two smaller clusters of each species, 
in the final step (Fig. 17b). Inspection of the specimens revealed that similarity in the 
width and curvature of the posteroventral ridges provided the foundation for constructing 
the dendrogram. The type of posteroventral ridgbs was initially suspected as species 
discriminatory. The straighter, wider ridges distinguished P. verrucosiformis and the 
curved, narrow ridges distinguished P. letsoni. The separation of the specimens into these 
two ridge types, which also correspond well to respective species, strengthens the claim 
that this character trait can be used for species discrimination. The cluster containing both 
species that lies outside the remainder of the sample contains both of these distinctive 
ridge types. The different ridge type separates this small cluster into two distinct groups, 
but the presence of a shared ventral margin shape relates these specimens and separates 
them from the remainder of the group. Likewise, the smaller clusters within the broader 
ridge type clusters are separated based on differing marginal shapes. Overall, the 
dendrogram illustrates a definite structure within the sample that distinguishes the two 
species based on posteroventral ridges. Therefore, the type of posteroventral ridges can 
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accurately discriminate species even when there are similarities in other shape 
characteristics. 
Cluster Analysis of All Study Species 
The nonstandardized matrix utilized 19 variables with 22 specimens of 
Plethobasus aesopiformis, 25 specimens of P. biesopoides, 40 specimens of Plesielliptio 
gibbosoides, 19 specimens of P. whitfieldi, 40 specimens of P. postbiplicatus, 29 
specimens of P. brachyopisthus, 27 specimens of Proparreysia letsoni, and 35 
specimens of P. verrucosiformis . The resulting cophenetic correlation was 0.87 implying 
distinct and accurate clusters. The analysis was successful in separating the sculptured 
(Plethobasus and Proparreysia) from the nonsculptured (Plesielliptio) taxa; however, 
individual species clusters were apparent, but scattered, about the dendrogram. Within the 
sculptured cluster, seven distinct clusters were distinguished. A Plethobasus aesopiformis 
cluster appeared to be most closely related to a Proparreysia letsoni/Proparreysia 
verrucosiformis mixed cluster, which was also more closely related to a small 
Proparreysia letsoni cluster than to the remainder of the sculptured taxa (Fig. 23). The 
other half of the sculptured cluster consisted of a main cluster of Plethobasus biesopoides 
that appeared most closely related to a Proparreysia verrucosiformis dominated cluster, 
which in turn was clustered with another smaller group of Plethobasus biesopoides. This 
larger cluster of mostly P. verrucosiformis and P. biesopoides was finally joined with 
another Plethobasus aesopiformis cluster before all the sculptured taxa were clustered (at 
a distance value of 7.61) (Fig. 23). The unsculptured taxa were clustered with a much 
more complicated structure than the sculptured taxa. There were eight distinguishable 
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clusters but minimal clustering of individual species was displayed. Two distinct, 
heterogeneous clusters of Plesielliptio postbiplicatus and P. brachyopisthus were the 
most closely related groups ofunsculptured taxa, which then joined a cluster of a small 
group of Plesielliptio whitfieldi and a Plesielliptio postbiplicatus dominated group (Fig. 
23). This larger cluster of mostly P. postbiplicatus and P. brachyopisthus joined a 
Plesielliptio gibbosoides/Plesielliptio whitfieldi cluster to compose one half of the 
unsculptured taxa. The remaining half was composed of two distinct, heterogeneous 
groups of P. gibbosoides and P. whitfieldi that clustered together. This larger cluster of P. 
gibbosoides and P. whitfieldi joined a small group of three P. gibbosoides before joining 
the rest of the unsculptured taxa at a distance value of 12.13 (Fig. 23). The larger distance 
values in which the nonsculptured taxa cluster tJgether compared with the sculptured taxa 
suggest greater similarity existing within the sc~lptured taxa. Overall, there is limited 
species structure apparent in the dendrogram despite the high cophenetic correlation. 
Therefore, there is no strong evidence to suggest the existence of eight discrete species, 
only the separation of basic morphotypes. 
The standardized matrix used identical variables and specimen numbers as the 
previous analysis. The calculated cophenetic correlation was 0.91, which suggests that the 
clusters displayed in the dendrogram accurately represent the relationships among the 
objects. The resulting dendrogram structure was highly complicated with respect to 
distinguishing species. Unlike the previous analysis, there was no definite distinction 
between the sculptured and unsculptured taxa (Fig. 24). One half of the dendrogram 
consists of all sculptured taxa, including five clusters pertaining loosely to species 
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( clustered at a distance value of 0.83). A cluster of predominantly Plethobasus 
aesopiformis is most closely related to a large cluster of Proparreysia letsoni and 
Proparreysia verrucosiformis, which is joined with a Plethobasus biesopoides dominated 
cluster. This major cluster, comprising most of the upper half of the dendrogram, is 
subsequently joined with a cluster containing all sculptured taxa, mostly P. letsoni and a 
cluster representing specimens with broken posterior margins (Fig. 24). The lower half of 
the dendrogram (Fig. 24) consists primarily ofunsculptured forms (clustering at a 
distance value of 0.9). The most closely related groups consist of a mostly Plesielliptio 
postbiplicatus cluster and an intermixed cluster of P. postbiplicatus and Plesielliptio 
brachyopisthus. This group is clustered with a small P. gibbosoides/P. whitfieldi group 
that is then clustered with a small P. letsoni/ P. verrucosiformis group. This major cluster 
is related to a mixture of clusters of P. gibbosoides and P. whitfieldi and a single 
specimen of P. verrucosiformis. The final step of this half of the dendrogramjoins the 
aforementioned clusters with one composed of specimens with broken posterior margins 
(Fig. 24). Overall, some small clusters pertaining to species are apparent, but the groups 
to which they should be most closely related are not relative to sister groups. This 
dendrogram, like the previous analysis, shows no close relationship between P. 
aesopiformis and P. biesopoides in spite of their being sister species. Likewise, there is an 
overall close similarity between all species of Plesielliptio with no definite separation of 
individual species. 
Qualitative cluster analysis of shell shape in PAST resulted in three basic clusters. 
One cluster composed of Plethobasus specimens that is closely related to a large cluster 
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composed of all specimens of Plesielliptio (Fig. 25). This larger cluster is then related to 
a cluster of all specimens of Proparreysia (Fig. 25). Within the major clusters, species 
only cluster together in small groups, but not in distinct species clusters. Therefore, it is 
apparent that each genus has a distinct shape, with the Plesielliptio and Plethobasus being 
more closely related to each other than to Proparreysia . Shape can then be an indicator of 
genus, but fails to distinguish individual species. 
Cladistic Analysis 
Cladistic methods are often used in systematics to assess the evolutionary 
relationships between organisms by identifying shared derived characters called 
synapomorphies (Schneider, 1992). Synapomorphies are used to infer the common 
ancestry of terminal taxa, delineating groups tha~ are single lineage and monophyletic. 
Through cladistic analysis, the resulting monop};lyletic groups are arranged in a branching 
tree diagram called a cladogram. The cladogram shows how the monophyletic groups are 
related to each other, and it is constructed using the Principle of Parsimony. Parsimony 
looks for the simplest answer to explain the distributions of synapomorphies found in the 
data, which is then represented by the shortest tree or the least number of character state 
changes. Besides a monophyletic phylogeny, the phylogeny may also be used to show 
paraphyletic lineages that do not include all the descendants of a common ancestor, or 





























Figure 25 . Shape cluster analysis 
of all species. 
Cladistics Applied to Hell Creek Unionids 
Cladistic analysis was used to determine the evolutionary relationships and 
species definitions for pairs of sister taxa, and also the relationships of all taxa to each 
other. To represent character diversity while maximizing the effects of redundant or 
missing data, the original matrix was reduced into a smaller set containing only a few 
representatives of each species. For each species, specimens were grouped based on 
similar shell length and height, and then summarized into a single entry (=consensus 
taxa), representing all character states appearing in that group for each character. The data 
for each individual (291 total specimens) in each of the eight species was eventually 
reduced to roughly seven consensus taxa (55 total consensus taxa) representing the total 
diversity of each species. 
The use of outgroups, represented as groups closely related to the study organisms 
(=the ingroups) is necessary in cladistic analysis to root the tree and to understand which 
ingroup lineages are ancestral or derived. For the Hell Creek Formation unionids, 
outgroups were either alternate species of the same genus in the Hell Creek Formation or 
;modem morphologic equivalents. 
Thirty-six equally weighted, unordered characters were used describing both shell 
size and shape parameters for 291 individuals (Appendix II) . Again, these individual 
specimens were summarized using consensus "morphotypes," with between five and 
eight consensus morphotypes for each species. Cladistic analysis was performed using the 
program PAUP (Phylogenetic Analysis Using Parsimony; Swofford, 2002) to construct 
the cladograms. PAUP performed branch and bound searches for each sister group, which 
139 
is guaranteed to find the most parsimonious explanation for the data. After each search 
involving sister species was completed, a consensus tree was computed that showed the 
phylogenetic relationships found in each tree (=strict consensus trees) . A majority rule 
tree, which shows the relationships displayed in most trees, was used to summarize the 
trees constructed with all the species. 
PAUP calculates multiple indices describing the fit of the data on the tree 
topology. These include the consistency index (CI), homoplasy index (HI), and retention 
index (Rl). The consistency index is calculated by dividing the minimal character state 
changes by the actual number of changes, and refers to the degree of homoplasy. 
Homoplasy, thought of as "noise" instead of "signal," is the similarity of traits in different 
taxa that are most likely due to convergent evolJtion and not to common ancestry. If 
homoplasy is absent and the amount of characters equals the amount of state changes, the 
CI is 1.0. The homoplasy index is then the amount of character transformations that are 
homoplasiously repeated in the cladogram, and the HI will reflect the CI value (1.0 - CI). 
' 
The retention index is a measure of the synapomorphy expected relative to the amount 
displayed on a cladogram, but corrects for artificial inflation of homoplasy that occurs as 
the matrix increases in size. So, in a perfect cladogram where the RI is 1.0, the amount of 
shared derived character states expected is equal to the amount shown on the tree. The 
consistency and retention indices are informally used to determine the confidence in the 
topologies found in the data. 
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Plethobasus aesopiformis and Plethobasus biesopoides 
Fourteen total consensus or outgroup taxa were used in this analysis, seven 
representing Plethobasus aesopiformis, six representing P. biesopoides, and one outgroup 
taxon, chosen from the modem species of the genus Plethobasus. The search generated 
118 total trees from which a strict consensus tree was computed (Fig. 26). The relatively 
high CI (0.71) and RI (0.65) show that there is a good fit of each character and character 
transformation to the tree. 
Of the 36 total character traits, 21 were informative, eight were uninformative, 
and seven were constant. The thickness of the shell, marginal symmetry, umbonal 
: · prominence, node prominence and shape, and pseudocardinal width either were constant 
or did not affect the resulting cladogram. In some cases, these results were unexpected 
considering the visible dissimilarity in these traits between species. For instance, the 
calculated average node prominence for P. aesopiformis was noticeably less than P. 
biesopoides, yet cladistic analysis found the trait to be uninformative. Possibly these traits 
that are visibly different between species, but parsimoniously uninformative, are a 
function of variables besides phylogenetic relationships, such as environmental stresses or 
ontogenetic growth. 
The strict consensus tree shows that the taxa under consideration are all closely 
related to the outgroup, but monophyly was not found for either species (Fig. 26). Three 
consensus taxa representing Plethobasus aesopiformis (Al , A2, and AS) are closely 





Figure 26. Consensus cladogram of Plethobasus aesopiformis (A), 
Plethobasus biesopoides (B), and Plethobasus outgroup (PLETH). 
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grouping of the three "As," there was no solid resolution of the specific evolutionary 
relationships of the tax a. 
Plesielliptio gibbosoides and Plesielliptio whitfieldi 
Sixteen total consensus or outgroup taxa were used, eight representing 
Plesielliptio gibbosoides, seven representing P. whitfieldi, and one outgroup taxon, the 
modern Elliptio complanatus. This species was chosen for its strong resemblance to the 
elongate forms of Plesielliptio, although other species of Plesielliptio occur in the Hell 
Creek Formation. The search produced 477 total trees, achieving a strict consensus tree 
with length 72 (Fig. 27). The CI (0.78) and RI (0.74) are rather high suggesting the data 
fit the cladogram well, and as a result, there is a low amount of homoplasy. 
Of the 36 total character traits, 22 are infJrmative, three are uninformative, and 11 
are constant. The traits that are constant or unin~ormative relate to the lack of sculpture 
and the overall shape consistent between both taxa. The trait that is of note is the umbonal 
cavity volume. This is a constant trait according to PAUP, but the character contributing 
most to the separation of the two groups in discriminant analysis. This difference is likely 
a result of the coded traits that are necessary in PAUP compared with the quantitative 
data used in discriminant analysis . Coding the umbonal cavity volume into cladistic 
characters probably reduced the diversity of the trait that was apparent in the original 
data. The shape of the dorsal margin is also uninformative, which is surprising 
considering the apparent dissimilarity observed in the specimens. 
The consensus tree provides evidence that the two species are not distinct (Fig. 
27). The cladogram indicates the ingroup taxa are closely related to the outgroup, but 
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shows 13 of the 15 total taxa as phylogenetically similar. Two consensus taxa 
representing Plesielliptio whitfieldi appear more closely related to each other than to the · 
rest of the consensus taxa, most likely due to their small size, which may indicate juvenile 
forms. Apart from this P. whitfieldi clade, the cladogram provided no further resolution of 
the phylogenetic relationships among the taxa. 
Plesielliptio postbiplicatus and Plesielliptio brachyopisthus 
Thirteen total consensus or outgroup taxa were used, five representing 
Plesielliptio postbiplicatus, seven representing P. brachyopisthus, and one outgroup 
taxon an officially unnamed species of Plesielliptio from the Hell Creek Formation 
presently called Plesielliptio sp.-flatsided. This species was chosen based on its 
morphological similarity to both study species of Plesielliptio sp.-short form. The search 
produced 150 trees, with a best tree length of 44 (Fig. 28). The CI (0.75) and RI (0.69) 
were both comparatively high, indicating a good fit of the data to the tree topologies. 
Of 36 total character traits, 21 are informative, four are uninformative, and 11 are 
constant. The pattern of constant and uninformative traits is not surprising given the 
specimens, which both have a lack of sculpture and a similar overall shape. In this 
analysis, the width of the hinge plate and pseudo cardinal teeth also did not affect the tree 
topology for these species. 
According to the strict consensus tree, all taxa are related to the outgroup but there 
is no apparent separation into two discrete species, as indicated by current taxonomy (Fig. 
28). There is a clade of three closely related consensus taxa (P2, RS , R6) that are related 

















Figure 28 . Consensus cladogram of Plesielliptio postbiplicatus (P), 
Plesielliptio brachyopisthus (R), and Plesielliptio outgroup (PLESFL). 
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and a clade of Pl, Rl, and R2. This entire clade is then more closely related to each other 
than to PS (Fig. 28). One interpretation of the cladogram concludes that instead of two 
species, there are actually anywhere from five to eight different species. The Pl-Rl-R2 
clade, the P2-R5-R6 clade, P3, R3 , R4, P4, R7, and PS could all be interpreted to be 
distinct species. Likewise, the P2, R5, R6, P3, R3, and R4 could be considered one 
species instead of four, which would indicate five species instead of eight. Regardless of 
how the cladogram is interpreted, it does not support the theory of two distinct species. 
Proparreysia letsoni and Proparreysia verrucosiformis 
Sixteen total consensus or outgroup taxa were used, eight representing 
Proparreysia letsoni, seven representing P. verrucosiformis, and one outgroup taxon 
Proparreysia corbiculoides. The genus ProparrJysia is the most diverse of the Hell 
Creek Formation including at least 12 species. 1:he outgroup, Proparreysia corbiculoides, 
was chosen because of its overall similarity to the study species, although it is noticeably 
smaller and lacks sculpture on the disk. The search resulted in 450 total trees, and the best 
tree found was length 84 (Fig. 29). About 70% of the character transformations were not 
homoplasious, indicated by the relatively high CI (0.73) and RI (0.70). 
Of the 36 total character traits, 24 were informative, nine were uninformative, and 
three were constant. The uninformative and constant characters were readily explainable 
by the observations of the specimens. Traits that were related to the overall shape were 
originally perceived to be consistent between the species, and these traits were the least 
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Figure 29. Consensus cladogram of Proparreysia letsoni (L), 


















The strict consensus tree displays no support for two distinct species; however, 
one interpretation suggests possibly six different species (Fig. 29). A larger clade shows 
that Vl-V7 and L6---:-L8 are more closely related to each other than to the rest of the taxa. 
This clade may be seen as one distinct species, while Ll-L5 are all separate species. 
Alternatively, the larger clade also shows the possibility of several separate species within 
the clade, such as the group containing L6 and L8 along with V 4, V6, and V7 as a 
species. Ranking of the clades as species or subspecies within the cladogram is 
subjective; however, it is clear that there is no justification for the traditional taxonomic 
separation of species with this type of analysis. 
Cladistic Analysis of All Taxa 
Twenty-five total consensus or outgroup taxa were used in the final analysis: two 
Plethobasus aesopiformis, two P. biesopoides, two Plesielliptio gibbosoides, two P. 
whitfieldi, three P. postbiplicatus, three P. brachyopisthus, four Proparreysia letsoni, 
three P. verrucosiformis, and the four outgroup taxa mentioned previously. The branch 
and bound search generated 117 total trees with a length 158 (Fig. 30) . Thirty-six 
characters were used in the analysis and all were informative. For the 117 trees, the CI 
was 0.52 and the RI was 0.71. Thus, for the size of the matrix, the indices are high, 
indicating that the data fit the 117 topologies well. 
A majority rule consensus tree was computed, and it is displayed unrooted to 
show the placement of the four outgroups within the cladogram. The consensus tree 
shows very curious patterns of the relationships between all species and their outgroups. 
The tree is divided into two main groups, with one group (Clade A) consisting of all the 
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Plesielliptio and the Plethobasus aesopiformis consensus tax.a, and the other (Clade B) 
comprised of the Proparreysia and the Plethobasus biesopoides consensus taxa (Fig. 30). 
Within Clade A (Fig. 30), the Plethobasus aesopiformis were most closely related, but 
were more related to the short forms of Plesielliptio (P. postbiplicatus, P. brachyopisthus, 
and P. sp.-flatsided) then they were to Plethobasus biesopoides. Clade A also includes a 
clade of closely related elongate-Plesielliptio forms (P. gibbosoides and P. whitfzeldi), a 
single consensus taxon of Plesielliptio whitfzeldi (not related to the other elongate forms), 
and the outgroup Elliptio complanatus. Clade Bis comprised ofrelated Plethobasus 
biesopoides and the outgroup Plethobasus, a clade of Proparreysia verrucosiformis, and 
a clade of two Proparreysia letsoni consensus taxa. The two remaining Proparreysia 
letsoni taxa and the. outgroup Proparreysia corbiculoides do not form a clade (Fig. 30). 
In summary, the results of this analysis S?OW that the short form species of 
Plesielliptio and Plethobasus aesopiformis belong together in a distinct clade. Most 
elongate form species of Plesielliptio are closely related, but a consensus taxon of 
Plesielliptio whitfzeldi and Elliptio complanatus do not belong in that clade. Plethobasus 
biesopoides is more closely related to the modem Plethobasus species than to the other 
Hell Creek Formation Plethob_asus species. Proparreysia verrucosiformis belongs in its 
own clade, but only two of the four consensus taxa of Proparreysia letsoni are closely 
related. According to the cladogram, Proparreysia corbiculoides is not closely related to 



































Discrimination of Plethobasus aesopiformis and Plethobasus biesopoides 
Morphologic Comparison 
Superficially, the most obvious distinction between Plethobasus aesopiformis (A) 
and Plethobasus biesopoides (B) is the number of rows of nodes that line the surface of 
the shell. Only one row of nodes, which lines the center of the shell, appears on A, while 
this primary row of nodes is joined by a second reduced row of nodes that forms along 
the posterior ridge of B. This has been the most commonly used characteristic in defining 
these two species since Whitfield. Russell (1976) defined a second characteristic for 
discriminating these species where he described the pseudocardinal teeth ofB as more 
massive with deeper incised sockets than those seen in A. Through the course of this 
study, several more distinguishing traits can now aid in discriminating between these two 
seemingly similar species. 
The shell ofB is about 25% larger than A in all basic size parameters. Both A and 
B display similar robustness in all of the measured regions (anterior, central, and 
posterior), except umbonally, where B has an approximately 25% thicker shell. Both 
species have similar ovate outlines, but B possesses a fairly trigonal shape with a more 
pronounced, angular umbo and tapered posterodorsal margin. The posterior ridge and 
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subsequent slope are distinctly more prominent in B than in A. The posterior ridge in 
species B has developed into a second row of nodes, which may have altered the 
perception of the ridge prominence. Despite the presence of this row of nodes, the 
posterior slope of B is, on average, roughly 40% steeper than found in A and in some 
cases may even exceed 90 degrees. This high prominence of the posterior ridge and slope 
may contribute to the more pronounced and angular-appearing umbo that gives B its 
distinctive trigonal shape. 
As stated earlier, B possesses a secondary row of reduced nodes besides the 
primary row that it has in common with A. The number and shape of nodes on the 
primary row seem consistent between the two species; however, the nodes on Bare 
noticeably more prominent than A by at least a r±rillimeter. 
The umbonal cavity in B is visibly large~ and more incised than A, averaging 
almost one and half times greater in volume. This characteristic can also be attributed to 
the more pronounced, angular umbo ofB thatwas described previously. Likewise, the 
cardinal hinge plate of Bis about 30% wider than A. The teeth of the two species are 
comparable in shape with similar striations, but the teeth of B are about 35% wider and 
consistently about 1 mm more prominent. 
Therefore, on the basis of comparing the average values of selected quantitative 
and qualitative character traits, without statistics or cladistics, Plethobasus aesopiformis 
and Plethobasus biesopoides seem to be morphologically distinct species and thus valid 
species. As a result of this initial analysis, P. biesopoides is a generally larger species than 
153 
P. aesopiformis, with a more trigonal form of the ovate outline and more prominent 
features in the umbonal region, including the pseudocardinal teeth. 
Comparison Based on Statistics and Cladistic Analysis 
On the basis of discriminant analysis, Plethobasus aesopiformis and Plethobasus 
biesopoides are statistically separate species based on shell size parameters. The null 
hypothesis was consistently rejected using both the standardized and nonstandardized 
matrices for all size-related analyses. The volume of the umbonal cavity proved to be the 
most significant trait for discriminating these species. Despite the strong evidence that 
these two species are discrete based on shell size, tests using shell shape parameters 
suggested a less definite distinction. The majority of specimens were correctly classified 
into their previously designated species, but the null hypothesis was not rejected. This 
result indicates that there is some separation of the groups, but it was not statistically 
significant. Therefore, discriminant analysis indicates that there is a noticeable difference 
in size between P. aesopiformis and P. biesopoides that designates the species, but the 
variation in shape is insufficient for discrimination. 
The dendrograms generated from the cluster analysis of Plethobasus aesopiformis 
and P. biesopoides, using size character matrices, display definite clusters that can be 
assigned to the recognized species '. However, some of the trees cannot provide the basis 
for a conclusive interpretation because of the low cophenetic correlation. Similar to · 
discriminant analysis, the dendrogram created from the shape matrix showed no 
discemable clustering corresponding to prior species assignment. Nevertheless, the 
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structure that exists in the size-related dendrograms suggests that the two species are 
distinct, whereas the clusters based on shape do not. 
Contrary to the statistical procedures, cladistics indicated no evidence that the two 
species are discrete. The CI and RI were high in the resulting cladogram, suggesting that 
the character transformations fit the tree topology well. The strict consensus tree 
displayed all taxa as equally related to the outgroup, with no separation into two species. 
In fact, the tree showing all taxa and outgroups indicates that Plethobasus aesopiformis is 
more closely related to the short forms of Plesielliptio than to Plethobasus biesopoides. 
While statistical analyses discriminate species on overall similarity and cladistics 
discriminates on evolutionary relationships, neither one is considered to be the sole 
method of validating species. The results indicat~ that the two species have distinctly 
different morphologies, but are phylogenetically, indistinguishable. 
Discrimination of Plesielliptio gibbosoides and Plesielliptio whitfieldi 
Morphologic Comparison 
Plesielliptio gibbosoides (G) was described by Whitfield as part of his second 
paper on Hell Creek Formation unionids in 1907, where all taxa belonged to the genus 
Unio. Subsequently, Russell renamed the species in 1976 and placed it in his new 
Cretaceous unionid genus, Plesielliptio. He also added a new species to the fauna, similar 
to P. gibbosoides, called Plesielliptio whitfieldi (W). Russell (1976) noticed some 
distinctive properties between these two species, which included shell size and marginal 
outline shape. G was described as a larger species with an elongate ovoid outline that 
tapered posterodorsally and was slightly concave on the ventral margin near the 
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midlength of the shell. In contrast, W was smaller with a narrowly elongate ovoid outline. 
Russell also stated that G had a more broadly convex shell and fewer umbonal ridges than 
w. 
The results of this study show that the average size of G is at least 25-35% larger 
than W. The average dorsal-ventral height of G is roughly 40% taller than W giving W a 
much higher length-to-height ratio. G is also more broadly convex than W, averaging 
about 30% greater convexity. The shell of G is also 25-35% more robust than the shell of 
W, depending on the shell region measured. Both G and W have the same general 
elongate elliptical marginal outline, with slight variation depending on species. The 
dorsal margin of G is somewhat inflated near the umbo and then tapers posterodorsally 
and, in many cases, the ventral margin will curve slightly concavely near the midlength. 
The dorsal margin ofW displays minimal curvature without tapering like G, while 
possessing a more lanceolate shape at the posterior margin. The anterior margin of G 
generally also shows greater curvature than W. The dorsal margin of G shows greater 
curvature than W, which seems related to the inflation of the dorsal margin near the umbo 
in G. The average placement of the diverging ridges in G is at the midlength, whereas the 
average extent in W is beyond the midlength. 
The umbo of G is about 60% more prominent than W, and likewise the umbonal 
cavity of G is slightly deeper than W. This increased pronunciation of the umbo in G 
could simply be a result of the increased size of the species, which would not be a key 
factor in species discrimination. The pseudocardinal teeth in Gare about 25% wider than 
Wand roughly 15% more prominent. Lastly, one of the most dramatic differences seen 
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between the two species is that the lateral teeth in G are more robust and have much 
higher curvature than those seen in W. The lateral teeth of W are slender and often will 
appear to extend straight along their full length, whereas the lateral teeth of G have a 
broad curvature several millimeters in maximum height. 
The data presented herein suggest a definite separation of Plesielliptio 
gibbosoides from Plesielliptio whitfieldi; however, the accuracy of the initial species 
identification is not concrete. In choosing the specimens of P. gibbosoides and P. 
whitfieldi, there was an attempt to incorporate previous methods of identification based 
on the larger size and·tapered posterodorsal margin of G and the smaller size and 
lanceolate marginal outline shape of W. Specimens meeting these criteria were difficult to 
obtain in the collections. Also, for many of the s~ecimens that met this shape criterion, 
the possibility existed that they were examples o_f the juvenile morphology, which would 
not be appropriate for morphologic comparisons. Possibly, the species previously 
recognized by Russell (1976) as P. whitfieldi is in reality the juvenile form of P. 
gibbosoides. For the specimens of P. whitfieldi that were of similar size to P. gibbosoides 
and also retained the lanceolate shape, it is possible that these may be morphotypes of the 
same species that have been preferentially adapted to specific ecologies. Despite the 
definite separation of these two species based on character trait comparison as stated 
herein, further analysis of more extended samples of P. whitfieldi must be incorporated to 
resolve this issue of species discrimination. 
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Comparison Based on Statistics and Cladistic Analysis 
The results from the size-related discriminant analysis determined that 
Plesielliptio gibbosoides and P. whitfieldi are both valid species. The null hypothesis was 
rejected on all size tests using standardized and nonstandardized variables, with all 
specimens correctly classified into both species. The traits contributing the most to 
distinguishing the species were the volume of the umbonal cavity and the maximum shell 
height. According to the analysis of shell shape, the two species are not significantly 
different, with roughly 85% of the specimens correctly classified. With more than three-
quarters of the specimens grouping into the correct species, there is some indication of 
species separation. P. gibbosoides and P. whitfieldi have distinctly different relative shell 
sizes but only somewhat differentiable shell shapes. 
The cluster analysis of these two species using size-related traits displayed two 
major clusters dominated by either species, but there was significant intermixing within 
each cluster. About 78% of the specimens were clustered into their originally designated 
species but, in most cases, there was too much noise in the dendrogram to properly 
interpret the structure. A similar pattern appeared in the dendrogram based on shape 
parameters, but the clusters were even more heterogeneous with less representation of 
species. The mixing of species observed in the tree could be due to 1) initial incorrect 
identification of the specimens, 2) the two species not being able to be separated by the 
cluster analysis algorithm based on the criteria provided, or 3) the two species being 
indistinguishable. The strong similarity between the two species did make initial 
discrimination difficult. Apparently, the procedure for clustering specimens could not 
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delineate the species by using the same criteria in discriminant analysis that established 
statistically valid species. 
Using cladistic methods, Plesielliptio gibbosoides and P. whitfieldi are too closely 
related evolutionarily to consider them as separate species. The CI and RI were both high, 
suggesting the character transformations accurately describe the relationships between the 
taxa. The resulting cladogram displayed all taxa as being equally related, with two P. 
whitfieldi consensus taxa more related to each other than to the rest of the sample. The 
two P. whitfieldi that were closely related are possibly juvenile forms, which would alter 
their relationships to the rest of the sample. Likewise, the cladogram displaying all taxa 
showed all elongate forms of Plesielliptio as closely related, with no separation of 
discrete species. As a result, P. gibbosoides and }J. whitfieldi are shown to have 
differentiable morphologies, but not discernibly.distinct phylogenies. 
Discrimination of Plesielliptio postbiplicatus and Plesielliptio brachyopisthus 
Morphologic Comparison 
Plesielliptio postbiplicatus (P) was the only species with this type of morphology 
to be considered by Whitfield or Russell, yet it represents several different morphotypes. 
Hartman (1976) noticed that throughout the formation there was a reoccurring 
morphology, similar to Unio brachyopisthus described by White (1876) and unique from 
P. postbiplicatus, that was arguably its own species. In this morphology, the normal 
smooth ovate outline shape of P. postbiplicatus was truncated posterodorsally to form the 
new distinctive truncated ovate outline shape of Plesielliptio brachyopisthus (R). The 
basic definitive characteristic separating P. postbiplicatus from P. brachyopisthus lies in 
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differences in outline shape as described previously. During the course of the present 
research, other distinctions have been documented that would potentially better define 
these species. 
In general, specimens ofR are slightly larger (<10%) than P. The truncated 
posterodorsal margin in R makes the total shell length, on average, less than P, but with 
similar shell heights. The convexity ofR is also slightly greater than P (about 20%). 
Similarly, R is consistently about 25% more robust than P. The greater shell thickness in 
the umbonal region ofR is also consistent with the increased umbonal prominence and 
greater umbonal cavity volume also seen in R relative to P. 
The general marginal outline shape for both species is similar. The truncation of 
the posterodorsal margin ofR, however, makes its outline unique from the outline of P. 
The anterior and posterior margins of R display less curvature than P. The dorsal margin 
ofR has distinctly greater curvature than P, which also seems to be related to the 
truncation. 
The pseudocardinal teeth in R are about 15-20% wider and more prominent than 
in P and generally display similar orientation. In part because of the truncation of the 
posterodorsal margin in R, the lateral teeth of this species are about 40% more highly 
curved than those of P. 
Through the differences in size, shape, and hinge dentition, Plesielliptio 
postbiplicatus and P. brachyopisthus appear to be separate species in contrast to the 
original single species categorization of this morphology as described by Whitfield 
(1903) and Russell (1976). Plesielliptio brachyopisthus is observably a larger, more 
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robust species than P. postbiplicatus. The broad marginal outline shape is also different 
between the two species, as are the shapes of some of the individual margins . Despite this 
assessment, it is also apparent that the broad outline visibly varies within each species. 
There seems to be several distinct shell shapes that may yet be defined as discrete species. 
These different morphotypes are not consistent enough throughout the assemblage to 
draw any conclusions from this study. For this study, the several individual shell shape 
variations within each species will be ignored and focus will be on the larger-scale 
comparison of the two recognized species. There does seem to be, however, substantial 
evidence to discriminate P. postbiplicatus from P. brachyopisthus as both valid species. 
Comparison Based on Statistics and Cladistic Analysis 
Discriminant analysis of Plesielliptio pos~biplicatus and P. brachyopisthus based 
on size parameters yielded distinct species. The rejection of the null hypothesis using 
both standardized and nonstandardized variables indicates statistically separate groups, 
with 93 % of the specimens correctly classified. Both the umbonal cavity volume and the 
maximum shell height contributed most to the separation, which is observable in the 
specimens. Separation based on shape parameters was not statistically significant, with 
about 85% accuracy of placement into the originally assigned groups. While the size-
related tests produced discrete species, the lack of 100% accuracy plus the lack of 
separation based on shell shape suggests that the two species are noticeably similar. 
Cluster analysis with both size and shape parameters also indicates that the two 
species are morphologically quite similar. Overall, the analysis was unable to separate the 
specimens into two definite species. There were smaller clusters, however, that were 
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composed primarily of one species. As described previously, some specimens maintained 
the established form of the species, but some embellished this form to a clearly different 
morphology. The appearance of several morphotypes of the Plesielliptio sp.-short form, 
combined with the results from the cluster analysis, suggests the possibility of several 
species or several morphotypes of a single species. 
The results from cladistic analysis were not conclusive. There was no evidence of 
distinct a Plesielliptio postbiplicatus and P. brachyopisthus but, instead, about five 
observable groups. There is no solid evidence that these five groups refer to species, but 
there is evidence in their evolutionary history to suggest that the members of each group 
are more closely related to each other than to the other constituents of the cladogram. In 
addition, all of these groups are more related to each other than to the outgroup tax on, 
potentially indicating only one species is represented. Regardless of the separation of 
these groups into multiple or a single species, there is no indication of the validity of 
Plesielliptio postbiplicatus and P. brachyopisthus through this method. 
Discrimination of Proparreysia letsoni and Proparreysia verrucosiformis 
Morphologic Comparison 
Proparreysia letsoni (L) and P. verrucosiformis (V) were originally distinguished 
(Whitfield, 1903, 1907; Russell, 1976) on the basis of the arrangement of the blunt nodes 
that adorn the external surface of the shell. L has its nodes arranged in a single row 
trending somewhat parallel to the posterior ridge, while the nodes on V appear to be 
randomly placed across the surface. Superficially, these two species are distinct, and this 
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arrangement of nodes do indeed distinguish them. Additional character trait analysis has 
enhanced this distinction. 
Species V has a slightly larger (-15%) shell size than L, but the average height of 
Vis about 25% larger than L, giving Va lower length-to-height ratio. The shell of Vis 
also consistently 35-40% more robust than L. The shell ofV is 30% more strongly 
convex than L. The marginal outline shape of the two species is strikingly similar, but V 
is often more symmetrically rounded. 
The prominence of the umbo and the umbonal cavity in V are both proportionally 
larger (about 50%) than in L. The cardinal hinge plate ofV is about 20% wider, and 
likewise the pseudocardinal teeth of V are similarly larger and more prominent than L. 
The nodular sculpture is quite similar in Jize and shape, possibly due to the 
randomness with which the nodes ofV are plac~d. Note that the size and shape of these 
nodes vary noticeably within a single specimen. Often on a single specimen of V, there 
may be more than 10 nodes of varying shapes and sizes, whereas in L, the nodes are all of 
a similar shape and usually increasing in size dorsal to ventral. The real difference in 
sculpture between the two species lies in the posteroventral ridges that cover the lower 
surface of the shell beyond the midlength. The ridges in L are noticeably thinner and more 
curved posterodorsally than V. The ridges in V are often straight and generally less 
prominent than in L. 
The consistent contrast in sculptural patterns and size parameters between 
Proparreysia verrucosiformis and P. letsoni as ascertained from this study do confirm 
their designation as separate species. P. verrucosiformis is consistently a larger, more 
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robust species with more prominent features than P. letsoni. The principal distinguishing 
feature between these two species~the arrangement of the surficial nodes-is still an 
important factor in proper identification. However, the visible differences in the 
posteroventral ridges also provide an excellent feature with which to discriminate the two 
species. Other than the marginal outline shape, which confirms these as sister species, 
these two species differ noticeably in almost every other aspect of their morphology. 
Comparison Based on Statistics and Cladistic Analysis 
Discriminant analysis, using only size-related traits, indicates that Proparreysia 
letsoni and P. verrucosiformis are both discrete species. The null hypothesis was 
consistently rejected with standardized and nonstandardized variables, as well as 100% 
classification accuracy in all tests . Three quantitative traits appeared to contribute more to 
the separation, the umbonal cavity volume, number of nodes, and umbonal thickness of 
the shell. Two qualitative traits, the curvature and width of the posteroventral ridges, are 
the best species indicators. Since these are qualitative, they were incorporated into the 
shape analysis . When these traits were included, there was a statistically significant 
separation and 100% classification accuracy. When those traits were removed from the 
analysis, the species were mostly indistinguishable by their shape, with only 78% correct 
classification. 
The dendrograms resulting from cluster analysis using size parameters showed no 
obvious species clustering. The amount of noise in the dendrograms was high, which 
does not allow for meaningful interpretation of the dendrograms. Even though the 
interpretation could not be conclusive, there were two major groupings observed that 
164 
could be loosely interpreted as species. The cluster analysis of shell shape provided 
comparable results to the discriminant analysis. The two species are distinct based on the 
curvature and width of the posteroventral ridges, but their overall shape is 
indistinguishable. The results from the cluster analysis indicate that the two species are 
substantially similar in size and shape but noticeably different in sculpture. Whether or 
not this distinction is enough to warrant two individual species can only be ascertained 
through further analyses. 
Cladistics presented no substantial evidence of a distinct Proparreysia letsoni and 
P. verrucosiformis . The CI and RI are both high, indicating that the character 
transformations fit the tree topology well, which implies a good representation of the 
relationships among the taxa. The strict consens~s tree displayed some closely related 
groups, but there was little or no resolution oft~e overall phylogeny of the ingroup taxa. 
The cladogram representing all the study species displays all specimens of P. 
verrucosiformis closely related, but the specimens of P. letsoni do not appear related. 
This result suggests the possibility that at least P. verrucosiformis is a valid species, but 
there is no evidence supporting the distinction of P. letsoni . Despite the results from the 
cladogram representing all study species, there is no conclusive evidence to support the 














Plate 1. A-D. External and internal views of Plethobasus aesopiformis; 









Plate 2. A-D. External and internal views of Plesielliptio gibbosoides; 













Plate 3. A-D. External and internal views of Plesielliptio postbiplicatus; 









Plate 4. A-D. External and internal views of Proparreysia letsoni; 







APPENDIX 1. CHARACTER TRAIT DATABASE 
Genus ! Soecles S# Valve Tvoe L# Max L Max H Beak L . Tooth L Conv Robust1 Robust2 
Plesielliotio I oostbiolicatus 12305 I Articulated 5233 33 23 18;9 
Prooarrevsia verrucosiformis 2308 Rieht Valve 15233 i 52 46.1 19 30 13 6.7 4.7 
Plethobasus ! aesooiformis 3002 i Left Valve 6666 57 40.1 7.1 29.8 13 5.5 4.6 
Plethobasus aesooiformis 3003 I Riehl Valve 6666 53.7 39.3 7.1 29.2 12 5 4.3 
Plethobasus aesooiforrnis 3004 Left Valve 16666 I 62.9 38.7 11 I 37.2 14 4.1 
Plethobasus aesooiforrnis 13005 Left Valve 6605 42.3 31 .1 7.2 23.8 10.5 4.5 4 
Plethobasus aesooiformis 3006 Rieht Valve !6605 46 31.6 6.2 1 29.2 11 5.7 3.9 
Plethobasus aesooiformis 3007 Left Valve 6666 61 .1 43.3 9.Bi 16.5 4.2 
Plethobasus aesooiforrnis 3008 Rioht Valve 6666 63.1 49.1 7.11 44 171 6.7 6.8 
Plethobasus aesooiformis 3009 Left Valve 6666 72.1 49.1 8.9 ! 40.5 17.5 6.55 6.3 
Plethobasus ,aesooiformis 3010 Rieht Valve 16666 I 75.3 48.2 _10.8 49 15.5 7.7 5 
Plethobasus aesociformis 3011 Left Valve 6666 59.1 37 .8 9.2 1 34.1 14 7.45 3.9 
Plethobasus aesociformis 3012 Left Valve 6666 50.1 33.8 7.7 29.5 12 6.1 4.2 
Plethobasus aesociformis 13013 Riehl Valve 6666 58.2 46.1 9.11 40.5 15 7.7 4.8 
Plethobasus aesociformis 3014 !Left Valve 6666 63.7 48.2 6.8 47.2 16 8 7.4 
Plethobasus aesoc iformis 3015 Left Valve 6666 I 62 44.3 8.9 32.9 14 4.1 
Plethobasus biesocoides 3016 Left Valve 6666 77.5 57 11 43.3 17.5 7.8 
Plethobasus biesocoides 3017 Left Valve 6666 70.1 48.9 9.5 46.8 18.5 8.65 4.8 
Plethobasus biesocoides 3018 Left Valve 6666 69.2 49.8 7.71 38.7 16 5.6 4.2 
Plethobasus iaesociformis 3020 Riaht Valve 6695 39.6 30.2 7.3 22.3 10 4.5 4.1 
Plethobasus laesociformis 3021 !Articulated 6695 49.5 40.1 I 27 .5;13 
Plethobasus l biesoooides 3022 Left Valve 6666 I 63.3 48.9 7.9 1 36.4 15 6.4 4 
Plethobasus 1 biesocoides 3023 Rlaht Valve 6666 79.7 56 14.6 , 45.6 17 5.9 5.9 
Plethobasus biesocoides 3024 Left Valve 6666 74.3 53.2 1 10 46.7 18 7.7 3 
Plethobasus biesopoides 3025 RiQhl Valve 6605 61.4 51.9 9.1 35.9 17 6 3.8 
Plethobasus biesoooides 3026 Left Valve 6605 48.4 9.4 17.5 6.8 
Plethobasus biesoooides 3027 Left Valve 5233 59.4 41.9 6 32.4 15 5.75 3.7 
Plethobasus biesoooides 3028 Left Valve 6605 I 43.3 7.4 15.5 6.85 3.1 
Plethobasus lbiesoooides 3030 Rieht Valve 5233 68.5 48.7 8.9 i 35.5 18 5.85 
Plethobasus biesoooides 3031 Left Valve 15233 I 15 
Plethobasus biesoooides 3032 Articulated 6605 64.9 49.1 34;17 .5 
Plethobasus blesocoides !3033 Articulated 6605 64.2 48.9 I 
Plethobasus aesociformis 3041 Left Valve 19 57 39.8 9.5 32.6 13.5 5.6 3.55 
Plethobasus aesociforrnis 3042 Left Valve 6605 53.1 35.3 3.2 32.4 13.5 5.5 4.5 
Plethobasus aesoclformis 3044 Riaht Valve 5233 50.1 34.9 1 3.1 32 .5 13.51 5.15 5.3 
Plethobasus aesociformis 3045 Articulated 5233 55.8 38.3 30 ;14.5 
Plethobasus aesooiformis 3046 Articulated 5233 46.3 33.6 1 25;13 
Plethobasus aesociformis 3047 Riaht Valve 5233 47.1 34.9 4.4 29.6 12.5 6.3 4.4 
Plethobasus iaesopiformis 3048 Articulated 5233 i 54.4 36.8 25.5;13 
Plethobasus aesooiformis 3049 Articulated 5233 47 35.9 i 27.5;14 
Plethobasus lbiesoooides 3050 I Riehl Valve 6696 I 84.8 63.2 15.1 1 50.3 23 9.2 
Plethobasus biesoooides 13051 Left Valve 6666 70 .2 54 .8 8.91 42 16 5.4 5.2 
Plethobasus biesoooides 3052 Left Valve 6666 66.3 48.5 8.1i 33.9 16.5 6 5.35 
Plethobasus l biesoooides 13053 Rieht Valve 6666 I 76.8 54.6 9.3 i 44.7 171 6.55 5.6 
Plethobasus biesoooides 3054 Left Valve 6666 I 35.7 29.6 6.9 i 18.4 10.5 3 
Plethobasus lbiesoooides 3055 i Rieht Valve 5239 I 36.3 32.7 8.7 1 19.3 10 3.5 
Plethobasus lbiesoooides 3056 !Left Valve 6666 65.2 52.6 11.6 37 .5 16 6.5 3.4 
Plethobasus biesoooides 3057 Left Valve 6666 72 .2 51.9 10.1 42.6 17 6.25 5.7 
Plethobasus biesoooides 3058 Rioht Valve 6666 ! 65.7 47.4 12.6 38.6 16 6.4 5.4 
Plelhobasus biesopoides 13059 I Rio ht Valve 6666 84 .4 53.8 7.B I 49.9 20 7.8 
Plelhobasus iaesooiforrnis 3060 Left Valve 6666 58.7 43.45 6.51 38.65 13 6.95 5.3 
Plethobasus laesooiformis 3061 Rieht Valve 6666 50.8 37.4 7.65 27.8 12 5.5 4 
Plethobasus laesooiforrnis 3062 Rieht Valve 6666 67 .151 43.7 10.75 41.3 15.51 8.1 7.2 
Plethobasus ibiesoooides 3063 Riaht Valve 6666 46 6.2 ' 36.2 15 5.65 3.3 
Plethobasus biesocoides 3064 Rioht Valve 6666 70 .05 49.4 7.71 41 15.5 6.8 3.4 
Plethobasus biesoooides 3065 Rioht Valve 16666 66.4 46.4 7.251 40.65 15.51 5.8 3.2 
Plethobasus biesoooides 3066 I Left Valve 6666 73.8 53 7.351 41 .5 16 6.3 5.4 
Plethobasus blesoooides 3067 Rieht Valve 6666 81 .15 61 .05 12.05 1 48.1 18.5 6.6 4.85 
Plethobasus lbiesoooides 13068 I Riehl Valve 6666 I 83.25 55.3 10.1 49.95 18 7.7 4.3 
Plesielliotio lcibbosoides 3069 Left Valve 6666 59.2 28 91 34.3 10 3.5 3.5 
Plesielliotio le ibbosoides 3070 I Left Valve 6605 60 .9 27.6 6.2 1 43.3 12 4.3 
Plesielliotio I eibbosoides 3071 Left Valve 6666 52.6 23.1 7 ! 7 4.1 
Plesiellictio lcibbosoides 3072 Left Valve 6666 I 92.2 43.7 11 52.8 16 5.9 
Plesielli ctio le ibbosoides 3073 Left Valve 6666 90.2 40 6.91 61 16 5.1 
Plesielliotio !cibbosoides 3074 Riaht Valve 6666 I 90.9 43.4 1 6.5i 52.4 16 5.1 
Plesielliotio ieibbosoides 3075 i Left Valve 6666 82.9 36 .7 9.71 55.2 15 4.3 
Plesielliotio !eibbosoides 3076 Rieht Valve 6666 59.5 27.6 1 9.7 38.6 9 4.7 
Plesielli otio ieibbosoides 3077 Left Valve 6666 86.2 391 6.9 i 53.4 15 5.5 4.7 
Plesielliolio I eibbosoides 3078 Riaht Valve 6666 107.3 47.3 9.1 1 70 17 5.6 4.5 
Plesiellictio I eibbosoides 3079 Left Valve 6666 75.6 35.8 9.6 48.3 14 5.3 
Plesielliotio iaibbosoides 3080 I Ria ht Valve 16666 I 77.9 34.4 71 47 .1 13 5.4 4.3 
Plesiellietio ioibbosoides 13081 Rieht Valve 6666 i 80 38.5 1 7.1 : 48.7 14 3.8 a 
I Left Valve a.a ! Plesielliclio !eibbosoides 3082 6666 i 103 .8 45.1 62.2 19 6.3 
Plesielliotio !aibbosoides 13083 Left Valve 6666 : 94.2 45 .31 a.5 i 58 5.8 4.5 
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S# Robust3 Robust4 Outline Ant Sho Ant Svm Pos Sho Pos~ 
2305 Ovate Ellictical 
2308 4.6 4.6 Orbicular Strona Curvature Asymmetric Dorsal Moderate Curvature Asymmetric Dorsal 
3002 I 5.5 5.8 Ovate , Moderate Curvature , Symmetric Moderate Curvature Asvmmetric Ventral 
3003 5.4 4 Ovate Moderate Curvature I Symmetric Moderate Curvature Asvmmetric Ventral 
3004 I 7 7.8 1 Ovate ! Strona Curvature ! Symmetric Strano Curvature I Svmmetric 
3005 4.3 j 3.61 Ovate Moderate Curvature I Symmetric Moderate Curvature Asvmmetric Venlral 
3006 SJ 5.3 Ovate Moderale Curvature ! Symmetric Moderate Curvature Asymmetric Ventral 
3007 I 6.4 ! 4.6 Ovate ! Moderate Curvature ! Symmetric Slight Curvature I Symmetric 
3008 7.75 7.4 Ovate Moderate Curvature Symmetric Moderate Curvature Asymmetric Ventral 
3009 6.95 Ovate ! Moderate Curvature 1 Symmetric Moderate Curvature Asymmetric Ventral 
3010 8.1 5.3 1 Ovate Moderate Curvature i Symmetric Strong Curvature Symmetric 
3011 5 4.8 1 Ovate Moderate Curvature I Symmetric Moderate Curvature Symmetric 
3012 5.8 5.1 Ovate ! Moderate Curvature Asymmetric Ventral Strong Curvature Asymmetric Ventral 
3013 I 7 s .s5 I Ovate Moderate Curvature i Svmmetric Sliaht Curvature Asymmetric Ventral 
3014 8.5 5.9 Ovate Slight Curvature Svmmetric Moderate Curvature Asvmmetric Ventral 
3015 I 6.25 5.05 Ovate Moderate Curvature ! Asvmmetric Ventral Moderate Curvature Svmmetric 
3016 I 7.1 5.65 Ovate Triaonal I Slight Curvature I Svmmetric Moderate Curvature Svmmetric 
3017 7 8.1 Ovate Triaonal Moderate Curvature Svmmetric Sirena Curvature Svmmetric 
3018 
I 
6.71 6 .91 Ovate Trigonal Moderate Curvature Svmmetric Strona Curvature Asvmmetric Ventral 
3020 5.1 1 s .1 I Ovate Strona Curvature Symmetric Sliaht Curvature Asvmmetric Ventral 
3021 I Ovate 
3022 I 5.8 6 Ovate Triaonal Sliaht Curvature Symmetric Slight Curvature Symmetric 
3023 7 7.11 Ovate Triaonal Moderate Curvature Symmetric Moderate Curvature Svmmetric 
3024 6.65 8.3 Ovate Triaonal Moderate Curvature 
I Symmetric Moderate Curvature I Symmetric 
3025 5.8 6.75 1 Ovate Triaonal Moderate Curvature Symmetric Moderate Curvature Symmetric 
3026 I 6.95 Ovate Triaonal I 
3027 4.8 3.9 Ovate Triaonal Moderate Curvature Symmetric Strong Curvature Asymmetric Ventral 
3028 8.9 Ovate Triaonal 
3030 I 6.75 8.9 Ovate Triaonal I Sirena Curvature1 Symmetric ! Moderate Curvature Symmetric 
3031 i 8 .9 Ovate Triaonal I 
3032 I Ovate Triaonal I 
3033 Ovate Triaonal l i 
3041 6.1 6.31 Ovate Moderate Curvature Svmmetric Moderate Curvature Symmetric 
3042 5.7 5.8 Ovate Moderate Curvature ! Svmmetric Strano Curvature Asvmmetric Ventral 
3044 7 .1 1 s.151 Ovate ! Moderate Curvature i Svmmetric l Sliaht Curvature I Asvmmetric Ventral 
3045 Ovate I 
3046 Ovate I 
3047 I 7.11 5.8 Ovate Moderate Curvature i Svmmetric Moderate Curvature ! Svmmetric 
3048 I Ovate ! ! 
3049 Ovate ! 
3050 I 12.1 1 Ovate Triaanal Strano Curvature I Svmmetric Sllaht Curvature Asvmmetric Ventral 
3051 6.os ' 5 .9 Ovate Triaonal Sliaht Curvature Symmetric Moderate Curvature Svmmetric 
3052 5.4 , 7.1 Ovate Triaonal Sliaht Curvature Symmetric Moderate Curvature Asvmmetric Ventral 
3053 5.151 6.8 Ovate Triaonal I Slight Curvature Symmetric Slight Curvature I Asymmetric Ventral 
3054 I 3.55 Ovate Triaonal Moderate Curvature Symmetric Moderate Curvature Symmetric 
3055 3.11 3.85 Ovate Triaonal I Moderate Curvature ! Asymmetric Ventral Moderate Curvature Svmmetric 
3056 I 5.61 6.8 Ovate Triaonal I Slight Curvature I Symmetric Moderate Curvature Symmetric 
3057 I 6.3 6 .2 Ovate Triaonal Moderate Curvature I Svmmetric Moderate Curvature Symmetric 
3058 4.8 1 7.2 Ovate Triaonal Moderate Curvature Svmmetric Moderate Curvature Asvmmetric Ventral 
3059 7.61 Ovate Triaonal Sliaht Curvature Svmmetric Moderate Curvature Svmmetric 
· 3060 7 5 .35 Ovate Slight Curvature Symmetric Moderate Curvature Asvmmetric Ventral 
3061 3.7 Ovate ! Moderate Curvature Symmetric Moderate Curvature Svmmetric 
3062 I e.3/ 7.9 Ovate Moderate Curvature Symmetric Moderate Curvature Svmmetric 
3063 5.7 5 .7 Ovate Triaonal Slioht Curvature ! Symmetric Moderate Curvature Asymmetric Ventral 
3064 5_7 ! 6.9 Ovate Triaonal Sliaht Curvature ! Symmetric Strong Curvature Symmetric 
3065 4.65 1 5.9 Ovate Triaonail Sliaht Curvature I Symmetric Strong Curvature I Asymmetric Ventral 
3066 6.61 7 .1 Ovate Triaonal I Sliaht Curvature ! Symmetric Strong Curvature Asymmetric Ventral 
3067 I 5.1 ; 6.95 Ovate Triaonal Moderate Curvature! Svmmetric Moderate Curvature Symmetric 
3068 I 7.1 i 8.2 Ovate Triaonal Moderate Curvature ! Svmmetric l Sirena Curvature Asymmetric Ventral 
3069 6 4.9 Elonaate Ellictical Strano Curvature ! Svmmetric Sirena Curvature Asymmetric Ventral 
3070 7.1 ! 7.2 Elonaate Ellictical Strano Curvature ! Svmmetric Moderate Curvature Symmetric 
3071 I 7.3 1 Elonaate Ellictical Strano Curvature Svmmetric Moderate Curvature Asymmetric Ventral 
3072 6.9 6.6 Elonaate Ellictical Sirena Curvature Svmmetric Strong Curvature Symmetric 
3073 7.1 ! 9 Elonaate Elli ctical l Moderate Curvature ! Svmmetric Strano Curvature Asymmetric Ventral 
3074 6.31 10.1 1 Elonaate Ellictical Moderate Curvature i Symmetric Very Strong Curvature Symmetric 
3075 6.4 1 8.5 Elonaate Ellictical Strano Curvature i Svmmetric Strona Curvature Asymmetric Dorsal 
3076 6.9 Elonaate Elliotical Strano Curvature Svmmetric Moderate Curvature Symmetric 
3077 7.5 1 7.8 1 Elongate Ellictical Moderate Curvature i Svmmetric Moderate Curvature Symmetric 
3078 6.6 . 9.6 Elonaate Ellicticail Moderate Curvature Svmmetric Strano Curvature Asymmetric Dorsal 
3079 I el 9.6 Elongate Elliptical Strong Curvature Svmmetric Strong Curvature Svmmetric 
3080 I 6.7 ' 7.3 Elonaate Elliotical Moderate Curvature Svmmetric Moderate Curvature Asymmetric Dorsal 
3081 5.6 6 .7 Elonqate Elliotical Moderate Curvature Svmmetric Strona Curvature ! Symmetric 
3082 6.5 8 .1 Elongate Ell iotical Moderate Curvature Asvmmetric Dorsal Strona Curvature Asymmetric Dorsal 
3083 6.4 7.6 Elongate Elliptical I Moderate Curvature Asvmmetric Ventral Strano Curvature Symmetric 
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S# Ven Shp i Dor Svm Dor Sha Ven Svm P Slope Div Ridge 
2305 : 0 Half 
2308 Slrona Curvature I Asvmmetric Anterior Moderate Curvature ! Svmmetric 70 Absent 
3002 Moderate Curvalure Asvmmetric Anterior Moderate Curvature Svmmetric 74 Less Than Half 
3003 I Moderate Curvature Asvmmetric Anterior Moderate Curvature Asymmetric Posterior 69 Half 
3004 Sliaht Curvature i Asymmetric Anterior Sliaht Curvature Symmetric 61 Half 
3005 Moderate Curvature ! Asymmetric Anterior Sirena Curvature Symmetric 68 Less Than Half 
3006 Sliaht Curvature ! Asymmetric Anterior Moderate Curvature Symmetric ! 61 Greater Than Half 
3007 Moderate Curvature I Symmetric Sirena Curvature Symmetric 62 Less Than Half 
3008 Moderate Curvature Asymmetric Anterior Moderate Curvature Symmetric 56 
3009 Moderate Curvature ! Asymmetric Anterior Moderate Curvature Symmetric 67 Half 
3010 I Moderate Curvature ! Asymmetric Anterior Moderate Curvature Symmetric 64 Less Than Half 
3011 Slight Curvature i Asymmetric Anterior Moderate Curvature Svmmetric 73 Less Than Half 
3012 Moderate Curvature Asymmetric Anterior Moderate Curvature I Svmmetric 65 Half 
3013 Moderate Curvature ! Asymmetric Anterior Strong Curvature Asymmetric Posterior 70 Half 
3014 Moderate Curvature Asymmetric Anterior Strong Curvature Symmetric 59 Less Than Half 
3015 I Moderate Curvature , Asvmmetric Anterior Moderate Curvature Asymmetric Posterior 66 Less Than Half 
3016 Moderate Curvature Asymmetric Anterior Moderate Curvature Svmmetric 89 Less Than Half 
3017 Moderate Curvature Asvmmetric Anterior Moderate Curvature I Svmmetric 86 
3018 Moderate Curvature Asvmmetric Anterior Moderate Curvature Svmmetric 84 Less Than Half 
3020 Slight Curvature I Asvmmetric Anterior Moderate Curvature I Svmmetric 64 Half 
3021 i 74;76 Less Than Half 
3022 Strano Curvature 1 Asvmmetric Anterior Strano Curvature Svmmetric 90 Less Than Half 
3023 Moderate Curvature , Asvmmetric Anterior Sirena Curvature I Svmmetric 74 
3024 Moderate Curvature Asvmmetric Anterior Moderate Curvature Svmmetric 100 Less Than Half 
3025 Strong Curvature Asvmmetric Anterior Strano Curvature ! Svmmetric 87 
3026 87 
3027 I Slight Curvature , Asvmmetric Anterior Moderate Curvature Svmmetric 77 Less Than Half 
3028 I 94 Less Than Half 
3030 Moderate Curvature ! Asvmmetric Anterior Moderate Curvature Svmmetric l 81 
3031 ! 82 
3032 I 99;110 Less Than Half 
3033 86;85 
3041 Moderate Curvature Asymmetric Anterior Moderate Curvature Asymmetric Posterior Greater Than Half 
3042 Moderate Curvature ! Asymmetric Anterior Moderate Curvature Svmmetric 62 Half 
3044 Slight Curvature ! Asymmetric Anterior · Strong Curvature Symmetric 65 Less Than Half 
3045 51 ;61 
3046 51 ;61 
3047 Slight Curvature Asymmetric Anterior Strong Curvature Symmetric 60 
3048 60;61 Half 
3049 59;57 
3050 I Moderate Curvature I Asvmmetric Anterior Moderate Curvature Svmmetric l 94 
3051 Strano Curvature Asvmmetric Anterior Sirena Curvature Asvmmetric Posterior 77 Less Than Half 
3052 Moderate Curvature Asvmmetric Anterior Sirena Curvature I Svmmetric l 91 
3053 Moderate Curvature Asvmmetric Anterior Strano Curvature Svmmetric l 76 Less Than Half 
3054 I Sliaht Curvature Svmmetric Sirena Curvature Svmmetric l 76 Less Than Half 
3055 Moderate Curvature ! Asvmmetric Anterior Strano Curvature Svmmetric 86 Less Than Half 
3056 Sirena Curvature i Asvmmetric Anterior Sirena Curvature Svmmetric 85 Less Than Half 
3057 Moderate Curvature Asymmetric Anterior Moderate Curvature Symmetric 87 
3058 Moderate Curvature i Asvmmetric Anterior Strona Curvature Svmmelric 77 
3059 Moderate Curvature I Asvmrnetric Anterior Sirena Curvature I Svmmetric 102 Less Than Half 
3060 Moderate Curvature i Svmmetric Sirena Curvature Svmmetric 61 Less Than Half 
3061 Moderate Curvature ! Asvmmetric Anterior Moderate Curvature Svmmelric 75 Less Than Half 
3062 Sliaht Curvature ! Asvmmetric Anterior Moderate Curvature I Svmmelric 68 Less Than Half 
3063 Moderate Curvature , Asymmetric Anterior Sirena Curvature Symmetric ! 92 Less Than Half 
3064 Strong Curvature . Asymmetric Anterior Strong Curvature ! Symmetric 81 Less Than Half 
3065 Moderate Curvature i Asvmmelric Anterior Strong Curvature Svmmetric 1 86 Less Than Half 
3066 Strong Curvature Asymmetric Anterior Strong Curvature Symmetric 101 
3067 I Moderate Curvature Asymmetric Anterior Strano Curvature Svmmetric 105 
3068 Moderate Curvature I Asymmetric Anterior Strong Curvature ! Symmetric 94 Less Than Half 
3069 Sliahl Curvature I Asvmmetric Anterior Slight Curvature I Symmetric ! 0 Greater Than Half 
3070 Sliaht Curvature 1 Svmrnetric Sliaht Curvature Svmmetric 0 Half 
3071 Sliaht Curvature : Svmmetric Moderate Curvature Svmmelric-concave 0 Greater Than Half 
3072 I Slight Curvature Asymmetric Anterior Moderate Curvature Asvmrnelric Anterior 0 Greater Than Half 
3073 I Moderate Curvature Asymmetric Anterior Moderate Curvature Svmmetric-concave 0 Half 
3074 Moderate Curvature Asymmetric Anterior Sliaht Curvature Asvmmelric Anterior 0 Half 
3075 Moderate Curvature Asvmmetric Anterior Sliaht Curvature I Asvmmelric Anterior-concave 0 Greater Than Half 
3076 Sliaht Curvature , Symmetric Sliaht Curvature Svmmetric 0 Greater Than Half 
3077 Moderate Curvature Asyrrvnetric Anterior Moderate Curvature Asvmmetric Anterior-concave 0 Less Than Half 
3078 Sliaht Curvature Symmetric Moderate Curvature Symmetric-concave 0 Less Than Half 
3079 I Moderate Curvature Asymmetric Anterior Slloht Curvature Asymmetric Anterior 0 Half 
3080 I Sllaht Curvature i Symmetric Moderate Curvature I Asymmetric Anterior-concave 0 Greater Than Half 
3081 Slioht Curvature \ Asymmetric Anterior Moderate Curvature I Asymmetric Anterior-concave I 0 Half 
3082 Moderate Curvature i Asvmmetric Anterior Moderate Curvature I Asymmetric Anterior-concave 0 Less Than Half 
3083 I Sliaht Curvature ! Asvmmetric Anterior Moderate Curvature Asymmetric Anterior-concave 0 Less Than Half 
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5# PV Curv PV Width Umb Und Umb Cav Umb Prom Rows N No N N Prom I N She 
2305 Absenl Absenl 0 Absenl l Absent 
2308 Slraiqht Wide 0 0.1243 0 12 3.5 Flat 
3002 Absenl Absent 9 0.4393 2.3 1 5 2 Pointed 
3003 Absenl Absent 0.2912 1.8 1 4 2.5 ! Pointed 
3004 Absent Absent 0.4177 1.6 1 4 1 2.5 . Pointed 
3005 Absent Absent I 0.186 1.6 1 4 2.5 Pointed 
3006 Absent Absent I 0.1074 1.3 1 4 1 2.51 Pointed 
3007 I Absent Absent! i 0.4761 2.8 1 5 Pointed 
3008 ! Absent Absent 0.3196 2.6 1 5 2.5 ' Pointed to rounded 
3009 Absent Absent 0.5086 2.2 1 5 3 i Pointed 
3010 Absent Absent ! 0.4613 2.7 / 1 6 2.5 Rounded 
3011 Absent Absent I 0.1682 0.9 1 5 2 i Pointed 
3012 Absent Absent I 0.2472 1.51 1 4 1 1.5 Pointed 
3013 Absent Absent 0.3727 3.4 / 1 6 1 2 Pointed 
3014 Absent Absent 12 0.7671 3.5 1 5 2 ; Pointed 
3015 Absent Absent 0.3201 3.4 / 1 4 2 Pointed 
3016 Absent Absent 1.0235 3.5 2 5 / I Rounded 
3017 Absent Absent/ ! 1.094 2.4 2 4 / 3.5 ! Pointed 
3018 Absent Absent 1.1931 2.8 2 4 Pointed 
3020 Absent Absent 0.0599 1 1 2 2 ' Pointed 
3021 Absent Absent 1 4;4 I Pointed 
3022 Absent Absent 0.8287 2.1 2 4 3 ! Rounded 
3023 Absent Absent 0.6907 3.1 2 5 3 Pointed 
3024 Absent Absent 0.791 2.4 2 5 3 Pointed 
3025 Absent Absent 0.8361 2.1 2 4 4 Rounded 
3026 Absent Absent 0.691 2.5 2 5 3 Pointed 
3027 Absent Absent 0.7974 2.7 2 3 
3028 Absent Absent 0.5622 2.6 / 2 4 2 .5 Pointed 
3030 Absent Absent I 0.5322 1 2 31 3 Rounded 
3031 Absent Absent 0.4885 2 2 3 Rounded 
3032 Absent Absent I 0 2 5 3.5, Pointed I 
3033 Absent Absent I 2 5:41 ! Rounded 
3041 I Absent Absent 0.2803 1.5 1 3 1.5 ! Pointed to flat 
3042 Absent Absent 5 0.1821 0.9 1 6 1 Rounded 
3044 I Absent Absent 0.2282 1.4 1 4 Flat 
3045 Absent Absent l 1 4;4 2.5 Pointed 
3046 Absent Absent I 1 5:4 Pointed I 
3047 Absent Absent i 0.2111 a.e l 1 4 
3048 Absent Absent 0 1 4;5 Rounded 
3049 Absent Absent 1 3;3 
3050 Absent Absent I 0.3901 3.2 2 4 
3051 Absent Absent 0.8135 2.2 2 4 1 4 ; Pointed 
3052 Absent Absent I 0.8241 2.7 2 4 3 / Poinled 
3053 Absenl Absenl ! 0.5895 3.5 2 5 / 3 Poinled 
3054 Absenl Absent e l 0.1504 1.8 2 2 1.5 Pointed to rounded 
3055 Absent Absenl 6 0.1269 2.3 2 3 1 2 ' Pointed 
3056 Absenl Absent ! 1.201 5 2.9 / 2 5 1 3 ! Pointed 
3057 Absent Absent I 1.1757 2.4 2 4 
21 
Pointed 
3058 Absent Absent I 0.4489 2.5 2 4 Pointed 
3059 I Absent Absent 0.9777 3.7 1 2 5 3 Pointed 
3060 Absent Absent 0.3802 1.7 1 3 2.5 Flat 
3061 Absent Absent 7 0.176 2.3 1 4 2 Rounded 
3062 Absent Absent 0.2209 1.8 1 5 2 Pointed 
3063 Absent Absenl 9 0.3266 2.9 2 3 3 Pointed 
3064 Absenl Absenl 0.4984 3.4 2 51 I Pointed 
3065 Absent Absent I 0.2606 2.91 2 51 31 Poinled 
3066 Absent Absent 1.1526 2.a l 2 6 3 Pointed 
3067 Absent Absent 0.925 3.1 2 5 Pointed 
3068 Absent Absent 0.5662 2.9 2 5 3 Poinled 
3069 Absent Absent 0.0312 0.4 1 0 I Absent Absent 
3070 Absent Absent , I 0.0345 a.a 0 I Absent Absent 
3071 I Absent Absent I 0.0157 0.4 0 I Absent Absent 
3072 Absent Absent 0.1234 1.1 I 0 Absent I Absent 
3073 I Absent Absent 0.1045 1.5 / 0 Absent. Absent 
3074 Absent Absent 0.046 1.9 0 Absent ! Absent 
3075 Absent Absent 0.0515 a.e l 0 I Absent ' Absent 
3076 Absent Absent I 0.0054 0.6 / 0 Absent ! Absent 
3077 I Absent Absent! I 0.0563 1.3 0 Absent Absent 
3078 Absent Absent i 0.0517 o.0i 0 Absent ! Absent 
3079 Absent Absent I 0.021 1.1 0 Absent Absent 
3080 Absent Absent! 9 1 0.0306 1.2 1 0 Absent Absent 
3081 Absent Absent 0.0206 0.4 0 Absent Absent 
3082 Absent Absent 0.0613 0.8 0 Absent , Absent 
3083 Absent Absent el 0.0744 1.1 0 Absent Absent 
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S# N_Sym Hinge Pl ! Tth~ ~ Prom CT Width LT Curv 
2305 I Absent ! 
2308 Asvmmelric lo oosterior j Orthooonal 2 14.6 2.1 I 
3002 Svmmetric 1.9 Oblioue Posterior 1.8 12.55 1 
3003 Svmmetric 2.7 Oblioue Posterior 2 11.4 2.1 
3004 Svmmetric 1.1 Curved Posterior 3 13.35 1.8 
3005 Symmetric 1.31 Oblioue Posterior 1.8 6.3 1.1 
3006 Symmetric 1.3 Curved Posterior 1.7 7.3 1.8 
3007 Symmetric 2 Orthooonal 
3008 Symmetric 2.4 Oblique Posterior 2.5 14.5 2.6 
3009 Symmetric 2.7 Curved Posterior 10.7 0.9 
3010 Symmetric 2.5 Oblique Posterior 3 14.2 2 
3011 Symmetric 1.8 Oblique Posterior 2 10.35 1.1 
3012 Symmetric 1.9 Curved Posterior 2.5 9 1.5 
3013 Symmetric 2.8 Curved Posterior 1.9 11.5 2.6 
3014 Symmetric 2.9 Oblique Posterior 2.5 12.9 2.8 
3015 Symmetric 2.2 Curved Posterior 2.5 12.6 2.2 
3016 Asymmetric to anterior 31 Oblique Posterior 2.7 15.2 1.5 
3017 Symmetric 3.4 Oblique Posterior 4.7 18 1.8 
3018 Symmetric 2.51 Oblioue Posterior 2.5 13.4 1.8 
3020 Asvmmetric to posterior Orthogonal 7.5 
3021 I Symmetric 
3022 Svmmetric 2.5 , Orthooonal 3.3 12.3 2.1 
.3023 Asvmmetric to anterior 2.21 Orthooonal 3.1 14.2 2.3 
3024 Svmmetric 2.4 Orthooonal 3 15.6 1.6 
3025 Symmetric 2.5 ' Obliaue Posterior 12.9 1.6 
3026 Symmetric 2.9 Obliaue Posterior 2.5 15.7 
3027 Orthooonal 2.3 14.7 1.3 
3028 Symmetric 3.1 Obliaue Posterior 4 14.3 
3030 Symmetric I Obliaue Posterior 18.9 2.6 
3031 Symmetric 2.7 Obliaue Posterior 4 18.2 
3032 Svmmetric 
3033 I Svmmetric 
3041 Symmetric 1.2 Oblioue Posterior 2.5 9.9 1.6 
3042 Symmetric 1.6 Curved Posterior 2 10.8 1.4 
3044 Symmetric 1.6 Oblioue Posteriori 10 1.4 
3045 Symmetric 
3046 Svmmetric 
3047 1.5 Curved Posterior 2 12.2 1 
3048 Svmmetric 
3049 
3050 Obliaue Posterior 23.1 2.4 
3051 Asvmmetric to anterior 3.7 Orthoaonal 5 15.6 2.3 
3052 Symmetric 2.7 1 Obliaue Posteriori 4 15.6 2 
3053 I Symmetric 2.31 Orthoaonal 3.5 17 2.2 
3054 Symmetric 1 Orthoaonal 7.2 0.5 
3055 Symmetric 1.3 Orthooonal 7.5 1.3 
3056 I Asymmetric to anterior 4.2 Curved Posterior 3.7 15.9 1.4 
3057 Asymmetric to anterior 3.2 Oblioue Posterior 3.5 15 0.7 
3058 Svmmetric 2.3 Orthooonal 2.7 17.1 1.9 
3059 Svmmetric 4 1 Curved Posterior 3 14.65 2.4 
3060 Symmetric 1.2 ; Curved Posterior 2.7 10.5 2.9 
3061 Symmetric 1.9 Oblioue Posterior 9.45 0.6 
3062 Symmetric 3.1 Oblique Posterior 2.8 12.7 2. 
3063 Asymmetric to anterior 2.5 Oblioue Posterior 2.9 9.6 1.2 
3064 Asvmmetric to anterior 2.1 Oblioue Posterior 3 8.9 2.5 
3065 Asvrrvnetric to anterior 2 1 Curved Posterior 3.1 11 .2 1.3 
3066 Svmmetric 3.5 . Oblique Posterior 3.3 15.4 1.9 
3067 Asvmmetric to anterior 2.3 Orthooonal 3.5 14 1.3 
3068 Asymmetric to anterior 2.2 Oblique Posterior 3.6 14.1 2.8 
3069 Absent 1.9 Oblioue Posterior 1.9 8.4 1.5 
3070 Absent 3 Curved Posterior 2.8 10.4 3.2 
3071 Absent 3.1 Oblioue Posterior 1.8 9.5 
3072 Absent 3.3 , Oblioue Posterior 2 15.8 1.5 
3073 Absent 3.3 Oblioue Posterior 3.2 15.1 4.3 
3074 Absent 3.9 Oblique Posterior 2 10.8 2.6 
3075 Absent 2.5 1 Curved Posterior 2.9 12.8 2.3 
3076 Absent 21 Oblique Posterior 2 9.9 1.3 
3077 Absent 2.5 ' Obliaue Posterior 2.2 11 .2 2 
3078 Absent 2.1 Curved Posterior 14.1 3.7 
3079 I Absent 3.6 Curved Posterior 3 11 .5 2.2 
3080 Absent 1.9 Curved Posterior 2 11.2 2.6 
3081 Absent 1.9i Curved Posterior 9.4 2.7 
3082 Absent i Oblique Posterior 3.1 15.5 2.9 
3083 Absent 3.6 Curved Posterior 2.4 18 2.8 
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Genus Scecles S# I Valve Tlee L# Max L Max H Beak L Tooth L Conv Robust1 Robust2 
Plesielliolio I eibboseides 13084 Riehl Valve 6666 77.1 40 .4 10.8 47 14 4.9 4.5 
Plesielliolio 1 eibbosoides 3085 Left Valve 6666 99.9 47.6 6.5 57.3 19 6.9 5.3 
Plesielliolio leibbosoides 3086 Riehl Valve 6666 ' 76.9 35 7.6, 48.1 13 4.2 4.8 ' 
Plesielliotio ieibbosoides 3087 Riehl Valve 6666 75.4 34.4 7 53.4 121 5 3.8 
Plesielliotio ieibbosoides 13088 Riehl Valve 6666 89.6 40.8 9.2 53.9 16 6 5 
Plesielliotio leibbosoides 3089 Articulated 6605 74 36 28 
Plesielliolio ieibbosoides 13090 Riehl Valve 6666 I 84 42.2 1 8.3 54 .3 15 5.5 5.4 
Plesielliotio ! oibbosoides 13091 Left Valve 6666 I 88 40.3 8.9 1 50.8 15 5.8 4.1 
Plesielliolio whitfieldi 3092 Riehl Valve 16666 70.8 30.7 7.3 51.5 12 4.1 3.4 
Plesielliolio whitfieldi 3093 Rioht Valve 1151 34.1 8.7 , 48.5 10 4 2.2 
Plesielliolio !whitfieldi 3094 · !Left Valve 16605 57.4 23.4 5:4! 42 9 3.5 
Plesiellietio iwhitfieldi 13095 l Riehl Valve 6666 19.8 1.el 29.4 6 2.8 
Plesielliotio lwhitfieldi 3096 .Left Valve 6666 80 .5 33 e.s i 57.1 14 4.3 
Plesielliotio lwhitfieldi 3097 iLeft Valve !6666 46.7 19.9 6.9 ! 26.7 7 2.4 2 
Plesielliotio lwhitfieldi 3098 !Articulated 16179 47.5 23 i 15 
Plesielliotio lwhitfieldi 3099 I Riehl Valve 6666 92.5 35.4 1 8.4 63.9 13 I 5.4 
Plesielliotio whitfieldi 13100 Left Valve 6666 76 33.5 8.2 49.9 15 4.9 4.7 
Plesielliotio whitfieldi 3101 Left Valve 6666 63 2s.e l 6.7 43.7 10 3.2 
Plesielliplio whitfieldi 3102 Left Valve 5233 41.9 18.4 4.7 1 22.3 7 2.4 2.3 
Plesielliptio whitfieldi 3103 Left Valve 1151 17.8 7 e 2.3 
Plesielliptio whitfieldi 3104 Left Valve 6666 36.5 14.9 7.31 19.6 5 2 1.9 
Plesielliotio whitfieldi 3105 Right Valve 5233 29 7.7 · 9 4.3 
Plesielliplio whitfieldi 13106 Articulated /6666 ea 32 251 
Plesielliptio whitfieldi 3107 Articulated 5233 34 15 91 
Plesielliolio whitfieldi 3108 Right Valve 6666 16.9 6.5 6 2 2.2 
Plesielliptio whitfieldi 3109 !Articulated 1151 117 43 ! 34 1 
Plesielliotio , oostbiolicatus 3111 !Left Valve 6666 31.7 20.5 6.1 18.6 7.5 2.1 2 
Plesielliotio , oostbiolicatus 3112 Left Valve 6605 35.1 23 5.7 27.5 9 3.3 3.3 
Plesielliotio ! oostbiolicatus 3113 Left Valve 6666 36.2 23.7 6.4 23.2 9 3 2.5 
Plesielllotio 'oostbiolicatus 3114 Left Valve 6666 37.4 23.3 6.7 23.2 7.5 2.6 2.3 
Plesielliotio , oostbiolicatus 3115 Riehl Valve 6666 52.9 33.6 7.5 31 .6 13 4.5 4.4 
Plesielliolio I ooslbiolicalus 3116 I Riehl Valve 6666 45.1 30.7 5.7 28.4 11 .51 3.2 3.3 
Plesielliotio ! ooslbiolicatus 3117 Left Valve 6666 46.5 32.4 ' 4.1 30 .8 12.51 4.3 4.5 
Plesielliotio i oostbiolicatus 3118 Left Valve 6666 I 47 .3 32.6 15.7 30 .9 11 .5 4 3.1 
Plesielliplio I postbiplicalus 3119 Left Valve 16666 I 42.5 26 6.7 26.8 10 2.8 3 
Plesielliptio iooslbiplicatus 3120 !Left Valve 5585 35.7 25.31 4.Si 21 .6 10 2.51 2.9 
Plesielliplio i postbiplicatus 3121 Left Valve 6605 ; 37 .1 23.e l . 6.11 22.3 e 2.4 2.1 
Plesielliplio jposlbiplicalus 3122 I Riehl Valve j55os 39 27.6 5.2 ! 24.4 11 3.2 4.1 
Plesielliolio I oostblolicatus 3123 I Left Valve 6667 55.1 35.8 8.1i 33.3 15 4.4 5 
Plesielliotio \ oostbiolicatus 3124 I Left Valve 6666 48.1 34.5 7.3 30.8 14 3.4 4 
Plesielliotio I oostbiolicatus 3125 I Riehl Valve 6598 39.9 27 .6 4.9 27.4 11 3.3 3.7 
Plesielliptio I oostbiplicatus 3126 Riehl Valve 6666 37.2 24.8 Si 22.6 2.7 2.8 
Plesielliotio , oostbiolicatus 3127 Left Valve 6666 38.4 26.6 7.8 22.7 9.5 3.2 2.4 
Plesielliptio i postbiplicatus 13128 Left Valve 6605 I 39.5 27 .7 5.21 24.3 11 1 3.8 3.9 
Plesielliptio I poslbiplicatus 3129 i Riehl Valve 6666 i 42 28.6 4.4 27.7 11 3.5 3.8 
Plesielliollo ! oostbiolicatus 3130 Riehl Valve 6666 44.4 27 .1 6.6 27 .6 11 2.8 3.4 
Plesielliotio \ oostbiolicatus 3131 Left Valve 6666 I 39.5 27 .7 5.8 24.7 11 3.2 4 
Plesielliotio I oostbiolicatus 3132 1Left Valve 6666 46.8 30.3 7.9 29 11 3.5 3.5 
Plesielliptio loostbiplicatus 3133 Left Valve 6695 34 .9 25 5.1 1 22.2 101 3.1 3.3 
Plesielliptio loostbiplicatus 3134 Riehl Valve 6666 42.2 27.8 7.5 26.6 10.5 1 3.5 3.5 
, Plesielliotio toostbiolicatus 3135 Riehl Valve 6666 42.5 26.9 5.1 26.2 10 3.3 3.7 
Plesielliotio toostbiolicatus 3136 Riehl Valve 6666 37.9 21.9 5 22.2 8.5 2.7 2.7 
Plesielliotio looslbiolicatus 3137 Articulated 6666 41 29 23;11 
Plesielliotio I oostbiolicatus 3138 !Articulated 6666 35 22 17;8.5 
Plesielliptio brachvooisthus 3139 Left Valve 6666 41 28.6 5.4 1 26.3 11 3.9 0.7 
Plesielliptio brachyopisthus 3140 Left Valve 16598 41.7 31.1 4 .6 25.6 12 4 3.9 
Plesielliptio i brachyopisthus 3141 Left Valve 6666 i 41.6 29.5 6.71 26.3 12 3.9 4.6 
Plesielliotio brachvooisthus 3142 Riehl Valve 6666 47 .2 32.4 8.7 29 14 3.6 4.8 
Plesielliptio 1 brachyopisthus \ 3143 ; Right Valve 6605 45.1 33.4 \ 6.81 27.6 12 \ 4.4 ' 3.9 
Plesiellietio brachyopisthus 13144 Right Valve 6666 42.7 32.1\ 7.5 25.4 13 4.2 3.7 
Plesielliptio brachyopisthus 3145 I Riehl Valve 6605 I 31 .8 23.4 5.7 18.8 9 2.8 3.6 
Plesielliotio brachvooislhus \3146 Riehl Valve 6666 44.1 32.e l 3.S i 28 .1 13 4.6 5.7 
Plesiellietio i brachvooislhus 3147 Left Valve 6667 49.3 33.6 8.7~ 14 4.7 5.4 
Plesielliotio brachvooisthus 3148 /Left Valve 6666 49.9 35.7 7.2 30.2 15 4.4 5.8 
Plesielliolio I brachvooislhus 3149 i left Valve 16666 I 43.8 33 .7 4.7 27 .7 14 4.7 4.8 
Plesielliolio I brachvooisthus 3150 Left Valve 6666 44 33 1 7.4 29 .1 12 5.5 4 
Plesielliotio tbrachvooisthus 13151 Riehl Valve 16666 I 37.6 29.5 6.2 i 24 .2 11 
Plesielliotio lbrachvooislhus 3152 Riehl Valve 6666 48.1 35.9 \ 7.4 ! 31 .9 131 4.6 4.5 
Plesielliotio brachvooisthus 13153 Left Valve 6667 55.1 37.2 7.8 32.5 15 4.6 5.7 
Plesielliotio lbrachvooisthus 3154 !Articulated 6666 I 47 37 30;14 \ 
Plesielliotio I brachvooisthus 3155 !Articulated 6666 : 41 29 23;11 
Prooarrevsia i lelsoni 3156 Left Valve 6666 44.3 20.2 13 3.8 3 
Prooarrevsia lelsoni 3157 Left Valve \6666 I 40.4 34.6 17.3i 11 .5 2.9 
Proearre)_'.sia l lelsoni j3158 j Riehl Valve 6666 47 .5 43 19.1 14 3.5 2.6 
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S# Robust3 ! Robust4 Outline Ant Shp Ant Sym Pos Sho Pos Sym 
3084 5.5 7.8 Elonaate Elliotical Sirena Curvature Asymmetric Ventral Moderate Curvature Svmmetric 
3085 9 a.a Elonaate Elliotical I Sliaht Curvature Svmmetric Strong Curvature Asymmetric Dorsal 
3086 5.1 6.9 Elonaate Elliotical Moderate Curvature Svmmetric Strong Curvature Symmetric 
3087 7.2 7.9 Elonaate Elliotical Moderate Curvature Svmmetric Strano Curvature Asymmetric Dorsal 
3088 6.1! 9 Elonaate Elliotical I Moderate Curvature Svmmetric Strona Curvature I Asymmetric Dorsal 
3089 Elonaate Elliotical 
Strong Curvature I 3090 7.8 11.3 Elonoate Elliptical Moderate Curvature Symmetric Symmetric 
3091 I 6.6 . 6.4 Elongate Elliptical I Moderate Curvature I Symmetric Strong Curvature I Svmmetric 
3092 5.31 9 Elonaate Elliatical Moderate Curvature I Svmmetric Strong Curvature Asymmetric Dorsal 
3093 4.7 3.8 Elonaate Elliatical Strona Curvature I Asvmmetric Ventral Moderate Curvature Asymmetric Dorsal 
3094 I 6 5.4 Elongate Elliptical I Moderate Curvature J Svmmetric l Strong Curvature Asymmetric Dorsal 
3095 3.6 Elonaate Elliatical Sirena Curvature ! S~mmetric Strong Curvature Asymmetric Dorsal 
3096 6.2! 7.1 Elonaate Elliotical Strano Curvature I Svmmetric Strano Curvature Symmetric 
3097 I 2.4 2.1 Elonaate Elliotical Strano Curvature Svmmetric Strano Curvature I Asymmetric Ventral 
3098 Elonaate Elliotical I 
3099 6.61 13.8 Elonaate Elliptical Moderate Curvature ' Symmetric Strong Curvature Asymmetric Ventral 
3100 I 5.4 5.9 Elonaate Elliptical Strong Curvature Asymmetric Ventral Moderate Curvature Asymmetric Dorsal 
3101 4.3 6.2 Elonaate Elliptical Strong Curvature Symmetric Moderate Curvature Symmetric 
3102 3.3 3.7 Elonaate Elliptical Strong Curvature Symmetric Strong Curvature Symmetric 
3103 4.1 Elonaate Elliptical 
3104 1.8 2.2 Elonoate Elliptical Strong Curvature Symmetric Verv Strong Curvature Symmetric 
3105 2.5 Elonaate Elliotical I Strano Curvature Svmmetric Strano Curvature Asymmetric Dorsal 
3106 I Elonaate Elliotical 
3107 Elonaate Elliotical 
3108 2.5 Elonaate Elliotical 
3109 I Elonaate Elliotical 
3111 4.4 3 Ovate Elliotical Moderate Curvature Symmetric Moderate Curvature Svmmetric 
3112 5 · 4.6 Ovate Elliptical Moderate Curvature Symmetric Slight Curvature S=tric 
3113 6.2 3.8 Ovate Elliptical Moderate Curvature Symmetric Moderate Curvature Asvmmetric Ventral 
·3114 5 3.1 Ovate Elliptical Moderate Curvature Symmetric Strong Curvature Symmetric 
"3115 6.1 7 Ovate Elliotical Moderate Curvature Svmmetric Sliaht Curvature Symmetric 
3116 6.9 5.5 Ovate Elliotlcal Moderate Curvature Svmmetric Sl ight Curvature Asymmetric Ventral 
3117 I 6.8 , 6.9 Ovate Elliotical I Sliaht Curvature Svmmetric Sliaht Curvature Asymmetric Ventral 
3118 7 6.2 Ovate Ellictical Moderate Curvature Svmmetric Moderate Curvature Asvmmetric Ventral 
3119 5.5 3.5 Ovate Ellie ti cal Moderate Curvature 1 Symmetric Strong Curvature Asymmetric Ventral 
3120 5.2 : 4.5 Ovate Elliptical Moderate Curvature Symmetric Moderate Curvature Asymmetric Ventral 
3121 4.1! 3.2 Ovate Elliotical Moderate Curvature Svmmetric Moderate Curvature Symmetric 
3122 I 6.1 5.5 Ovate Elliotical Moderate Curvature Svmmetric Sliaht Curvature I Asymmetric Ventral 
3123 7.2 6.3 Ovate Elliotical Moderate Curvature Asvmmetric Ventral Moderate Curvature Asymmetric Ventral 
3124 7.4 5.7 Ovate Elliotical Moderate Curvature Svmmetric Sliaht Curvature Asymmetric Ventral 
3125 5.a ' 4.8 Ovate Elliotical Moderate Curvature Svmmetric Moderate Curvature I Symmetric 
3126 5.4 3 Ovate Elliotical Sliaht Curvature S=tric Moderate Curvature ! Symmetric 
3127 5.8 3.8 Ovate Elliotical Strano Curvature Symmetric Moderate Curvature Symmetric 
3128 6.1 5.5 Ovate Elliotical l Slight Curvature ! Symmetric Slight Curvature Symmetric 
3129 I 5.81 5.5 Ovate Elliptical Slight Curvature i Symmetric Slight Curvature Svmmetric 
3130 4.7 5.3 Ovate Elliptical Moderate Curvature i Symmetric Moderate Curvature Symmetric 
3131 I 6 4.6 Ovate Elliptical Moderate Curvature I Symmetric Moderate Curvature Asymmetric Ventral 
3132 6.9 1 5.1 Ovate Elliotical Moderate Curvature Asvmmetric Ventral Moderate Curvature Asymmetric Ventral 
3133 5.7 4 Ovate Elliotical Moderate Curvature Symmetric Moderate Curvature Symmetric 
3134 5.8 4.9 Ovate Elliptical Moderate Curvature Asymmetric Ventral Moderate Curvature Symmetric 
3135 5.5 5.9 Ovate Elliotical Moderate Curvature Symmetric Moderate Curvature Asymmetric Ventral 
3136 4.6 4.5 Ovate Elliotical Moderate Curvature Svmmetric Moderate Curvature Symmetric 
3137 I Ovate Elliptical 
3138 Ovate Elliptical 
3139 6.3 4.6 Ovate Elliptical Moderale Curvature Svmmetric Moderate Curvature Asymmetric Ventral 
3140 7.al 6 Ovate Elliotical Sl iaht Curvature Symmetric Slight Curvature Asvmmetric Dorsal 
3141 6.6, 5.3 Ovate Elliotical l Sliaht Curvature I Asymmetric Ventral Slight Curvature Asymmetric Ventral 
3142 6.7 1 6.1 Ovate Elliotical Moderate Curvature Symmetric Moderate Curva ture Asymmetric Ventral 
3143 I 6.9 1 4.9 Ovate Elliotical Moderate Curvature I Symmetric Slight Curvature Svmmetric 
3144 7 ! 5 Ovate Elliptical Moderate Curvature As=tric Ventra l Slight Curvature Symmetric 
3145 4.9! 4.3 Ovate Elliptical Moderate Curvature Svmmetric Sliaht Curvature Symmetric 
3146 8.6 6.5 Ovate Elliptical Slight Curvature : Svmmetric Sliaht Curvature Asymmetric Ventral 
3147 I 8.4 1 6.1 Ovate Elliptical 1 Moderate Curvature Symmetric Moderate Curvature Asymmetric Ventral 3148 9.31 7.1 Ovate Elli otical l Moderate Curvature Symmetric Sl ight Curvature Asvmmetric Ventral 
3149 8.81 7.4 Ovate Elliotical I Sliaht Curvature Symmetric Slight Curvature I Asymmetric Ventral 
3150 6.5 , 4.6 Ovate Elliotical Moderate Curvature I Symmetric Slight Curvature Svmmetric 
3151 6.2; 4.3 Ovate Elliotical Sliaht Curvature • Asvmmetric Ventral Moderate Curvature Asvmmetric Ventral 
3152 I 7.31 6.7 Ovate Elliotical Moderate Curvature I Symmetric Slight Curvature I Asymmetric Ventral 
3153 91 7.7 Ovate Elliotical Mod era le Curvature I Symmetric Moderate Curvature Asvmmetric Ventral 
3154 I Ovate Elliotical I 
3155 I Ovate Elliotical I 
3156 3.6 3.7 Orbicular Strano Curvature Asymmetric Dorsal Sl ight Curvature \ Svmmetric 
3157 3.4 4.7 Orbicular Verv Sirena Curvature Asvmmetric Dorsal Moderate Curvature Svmmetric 
3158 4.2 Orbicular Siron a Curvature , Asvmmetric Dorsal Moderate Curvature Symmetric 
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S# Ven Shp Dor S~m Dor Shp Ven Sym p Slope Div~_!__ 
3084 Slight Curvature i Symmetric Slioht Curvature Asymmelric Anterior 0 Less Than Half 
3085 I Sliaht Curvalure I Symmetric Strona Curvature Asymmelric Anterior-concave 0 Half 
3086 Sliaht Curvature ! Asvmmetric Anterior Slight Curvalure Svm=tric 0 Greater Than Half 
3087 Sliaht Curvature I Svmmetric Moderate Curvature Asvmmetric Anterior 0 Half 
3088 I Sliaht Curvature Asvmmetric Anterior Moderate Curvature Asvmmetric Anterior-concave 0 Less Than Half 
3089 i 0 Less Than Half 
3090 Slioht Curvature Asvmmetric Anterior Slioht Curvature Asvmmetric Anterior-concave 0 
3091 I Slioht Curvature Svmmetric Moderate Curvature Symmetric I 0 Half 
3092 I Slight Curvature Symmetric Sliaht Curvature Symmetric 0 Half 
3093 I Sliaht Curvature Symmetric Sliaht Curvature Asvmmetrtc Anterior 0 Greater Than Half 
3094 Slight Curvature Symmetric Sliaht Curvature Asvmmetric Anterior 0 Less Than Hal f 
3095 Slight Curvature . Symmetric Slight Curvature Asvmmetric Anterior 0 Greater Than Half 
3096 Slight Curvature Asymmetric Anterior Moderate Curvature SvmmP!ric l 0 Half 
3097 Slight Curvalure Symmetric Slight Curvature Svmmetrtc 0 Greater Than Half 
3098 0 Greater Than Half 
3099 Slioht Curvature ! Svmmetric Slioht Curvature Svmmetric 0 Half 
3100 Sliaht Curvature Svmmetric Sliaht Curvature Symmetric 0 
3101 Slioht Curvalure l Symmetric Slioht Curvature Symmetric ! 0 Less Than Half 
3102 Slioht Curvature ! Asvmmetric Anterior Slioht Curvature Svmmetric l O Greater Than Half 
3103 I I 0 I Greater Than Half 
3104 I Slight Curvature 1 Symmetric Slight Curvature Svmmetric 0 Greater Than Half 
3105 I Slight Curvature i Svmmetric Moderate Curvature Asvmmetric Anterior-concave 0 Greater Than Half 
3106 ! 0 Half 
3107 0 Greater Than Half 
3108 I 0 Greater Than Half 
3109 I 0 Less Than Half 
3111 Slioht Curvature Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
3112 Moderate Curvature I Symmetric Moderate Curvature Svmmetric 0 Greater Than Half 
3113 I Slioht Curvature I Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
3114 Sliaht Curvature Asymmetric Anterior Slight Curvature Svmmetric 0 Greater Than Half 
3115 Slight Curvature Asymmetric Anterior Moderate Curvature Svmmetric 0 Greater Than Half 
3116 Slight Curvature Asymmetric Anterior Stronc Curvature Svmmetric 0 Half 
3117 Moderate Curvature Asvmmetric Anterior Strona Curvature I Symmelric 0 Half 
3118 Sliaht Curvalure , Asvmmetric Anlerior Strono Curvature Symmetric 0 Greater Than Half 
3119 Slioht Curvature ! Svmmetric Sliaht Curvature Asymmetric Anterior 0 Greater Than Half 
3120 Moderate Curvature Asvmmetric Anterior Sirena Curvature Symmetric 0 Half 
3121 Moderate Curvature Symmetric Moderate Curvature Asvmmetric Posterior 0 Half 
3122 Moderate Curvature Symmelric Strona Curvature Svmmetric 0 Greater Than Half 
3123 Slight Curvature Asvmmetric Anterior Strano Curvature Svmmetric 0 Half 
3124 Moderate Curvature Svmmetric Strona Curvature Symmetric 0 Half 
3125 Moderate Curvature Asvmmetric Anterior Moderate Curvature Symmetric ! 0 Greater Than Half 
3126 Moderate Curvature Svmmetric Moderate Curvature Svmmetric 0 Half 
3127 Sliaht Curvature Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
3128 Moderate Curvature ! Svmmetric Moderate Curvature I Symmetric ! 0 Half 
3129 I Moderate Curvature I Asymmetric Anterior Strong Curvature Symmetric 0 Greater Than Half 
3130 Sliaht Curvature I Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
3131 Sliaht Curvature i Asyrmietric Anterior Moderate Curvature Symmetric 0 Greater Than Half 
3132 Slight Curvature Svmmetric Moderate Curvature Svmmetric 0 Greater Than Half 
3133 Slioht Curvature Svmmelric Moderate Curvature Svmmetric 0 Half 
3134 Moderate Curvature I Svmmetric Sliaht Curvature S=tric 0 Greater Than Half 
3135 I Slioht Curvature Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
3136 Sliaht Curvature Symmetric Sliaht Curvature Svmmetric 0 Less Than Half 
3137 0 Greater Than Half 
3138 ! 0 Greater Than Half 
3139 I Moderate Curvature 1 Symmetric Strong Curvature Symmetric 0 Grealer Than Half 
3140 Moderate Curvature Symmetric Strano Curvature Symmetric ! 0 Greater Than Half 
3141 Moderate Curvature Asymmetric Anterior Strano Curvature Symmetric 0 Greater Than Half 
3142 Moderate Curvature Asymmetric Anterior Moderate Curvature Svmmetric 0 Greater Than Half 
3143 Moderate Curvature Asvmmetric Anterior Strano Curvature Svmmetrtc 0 Greater Than Half 
3144 Sliaht Curvature Svmmetric Strona Curvature Svmmetric 0 Half 
3145 Moderate Curvature Asvmmetric Posterior Strong Curvature Svmmetric 0 Greater Than Half 
3146 Moderate Curvature Symmetric Strong Curvature Symmetric 0 Less Than Half 
3147 Sliaht Curvature Symmetric Strong Curvature Symmetric 0 Half 
3148 I Slight Curvature Symmetric Strong Curvature Symmetric 0 Greater Than Half 
3149 Moderate Curvature I Symmetric Strona Curvature Asymmetric Anterior 0 Half 
3150 Moderate Curvature ! Symmetric Strono Curvature Symmetric 0 Greater Than Half 
3151 Slight Curvature Asvmmetric Anterior Strano Curvature Symmetric 0 Greater Than Half 
3152 Slight Curvature I Svmmetric Strano Curvature Symmetric 0 Less Than Half 
3153 Moderate Curvature Asvmmetric Anterior Strona Curvature Asvmmetric Anterior 0 Greater Than Half 
3154 0 Worn 
3155 I I I 0 Greater Than Half 
3156 Moderate Curvature Asymmetric Anterior Strong Curvature ! Svmmetric 83 Absent 
3157 Strano Curvature Asvmmetric Anterior Moderate Curvature I Svmmetric 80 Absent 
3158 Strano Curvature Asvmmetric Anterior Moderate Curvature I Svmmetric 76 Absent 
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5# PV Curv PV Width Umb Und Umb Cav Umb Prom Rows N No N N Prom N Shp 
3084 Absent Absent 0.0175 1 0 Absent Absent 
3085 I Absent Absent 0.2149 2.1 0 Absent ! Absent 
3086 Absent Absent 81 0.0295 1.6 0 Absent Absent 
3087 Absent Absent 0.0242 1.1 0 Absent Absent 
3088 Absent Absent 0.0282 1.2 0 I Absent ! Absent 
3089 Absent Absent 9;9 0 Absent Absent 
3090 ! Absent Absent 0.0161 0.8 0 Absent ! Absent 
3091 Absent Absent 9! 0.0631 0.91 0 Absent 1 Absent 
3092 Absent Absent 0.0093 0.4 0 Absent , Absent 
3093 Absent Absent 0.0063 1.2 0 Absent Absent 
3094 I Absent Absent 8 0.0145 0.2 0 Absent Absent 
3095 Absent Absent 7 0.003 0.2 0 Absent Absent 
3096 Absent Absent 0.0376 0.4 0 Absent Absent 
3097 Absent Absent 0.0021 0.2 0 Absent! Absent 
3098 Absent Absent 0 Absent Absent 
3099 Absent Absent 0.0087 0.5 0 Absent Absent 
3100 Absent Absent 0.0429 0.3 0 Absent Absent 
3101 Absent Absent/ 7 0.047 0.5 ~  Absent Absent 3102 Absent Absent 0.0041 0.2 Absent Absent 
3103 Absent Absent 0.0038 0.5 0 Absent Absent 
3104 Absent Absent 0.0016 0.5 0 Absent Absent 
3105 Absent Absent 0.008 0.8 0 Absent Absent 
.3106 Absent Absent 0 Absent Absent 
3107 Absent Absent 0 Absent Absent 
3108 I Absent Absent 7 0 0.3 0 Absent Absent 
3109 Absent Absent 0 Absent Absent 
3111 I Absent Absent 12 0.0225 0.9 0 Absent Absent 
3112 Absent Absent 12 0.0053 1.2 0 Absent Absent 
3113 I Absent Absent 0.0313 0.9 0 Absent Absent 
3114 Absent Absent/ 16 0.005 0.7 0 Absent Absent 
3115 Absent Absent 8 0.0456 2 0 Absent. Absent 
3116 Absent Absent 8 0.0285 2.2 1 0 Absent , Absent 
3117 Absent Absent 11 0.1049 1.5 0 Absent i Absent 
3118 Absent Absent 11 0.0558 1.5 / 0 Absent , Absent 
3119 Absent Absent 9 0.0086 1.2 0 Absenti Absent 
3120 Absent Absent 15 0.0841 1.4 0 Absent ) Absent 
3121 Absent Absent 12 0.0155 1 0 Absent Absent 
3122 Absent Absent 0.0213 2.3 0 Absent Absent 
3123 I Absent Absent 0.0592 0.9 0 Absent Absent 
3124 Absent Absent 10 0.1017 1.9 0 Absent Absent 
3125 Absent Absent 10 0.0103 1.3 0 Absent ! Absent 
3126 Absent Absent 12 1 0.0112 1.1 0 Absent / Absent 
3127 Absent Absent 0.0698 1.1 0 Absent Absent 
3128 Absent Absent 9 0.0309 / 1.6 0 Absent! Absent 
3129 Absent Absent 11 0.0288 1.31 0 Absent Absent 
3130 Absent Absent 12 0.0126 1.7 0 Absent Absent 
3131 Absent Absent 9 0.0477 1.5 0 Absent i Absent 
3132 Absent Absent 0.043 1 0 Absent Absent 
3133 Absent Absent 8 0.0356 1.8 0 Absent Absent 
3134 Absent Absent 101 0.0219 1.4 / 0 Absent Absent 
3135 Absent Absent 9 0.0078 1.3 0 Absent Absent 
3136 Absent Absent 10 0.0058 1.2 0 Absent Absent 
3137 I Absent Absent 11;1 4 0 Absent Absent 
3138 Absent Absent 14;1 3 0 I Absent Absent 
3139 I Absent Absent / 9 0.0455 2.2 0 Absent Absent 
3140 I Absent Absent 0.0923 1.2 0 I Absenti Absent 
3141 Absent Absent 0.0438 1.1 0 Absent Absent 
3142 . Absent Absent 9 0.0155 1.6 0 Absent / Absent 
3143 I Absent Absent/ 0.0549 / 1.2 0 Absent! Absent 
3144 Absent Absent/ 101 0.0241 1.5 0 Absent! Absent 
3145 Absent Absent ! 151 0.0068 1.1 0 Absent Absent 
3146 Absent Absent 0.044 2.61 0 Absent Absent 
3147 Absent Absent 8 0.1192 1.4 0 Absent Absent 
3148 Absent Absent 0.1249 1.3 0 Absent Absent 
3149 I Absent Absent/ 0.076 1.9 0 I Absent Absent 
3150 I Absent Absent 0.0952 0.9 0 I Absent Absent 
3151 Absent Absent 71 0.029 1.4 0 Absent Absent 
3152 Absent Absent I 0.0279 2 0 Absent ! Absent 
3153 I Absent Absent 11 ! 0.1385 2.3 0 Absent Absent 
3154 I Absent Absent I 0 Absent Absent 
3155 I Absent Absenl 10;6 0 Absent Absent 
3156 I 0 0.4434 2.8 1 3 3 Pointed 
3157 Curve oosteriorlv Narrow 0 0.2639 1.4 1 4 2 Rounded 
31 58 Curve oosteriorlv Narrow 0 0.1315 1.3 1 3 3 Pointed 
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S# N.§'m Hinge Pl I Tth_Shp CT Prom CT Width LT Curv I 
3084 Absent 2.7 ' ObliQue Posterior 11 .5 2.3 
3085 Absent 4 ObliQue Posterior 2.5 15.5 3.2 
3086 Absent 2.6 Curved Posteriori 1.8 9.9 2 
3087 Absent 2.7 Curved Posterior 1.8 12.7 2.7 
3088 Absent 3.4 Curved Posterior 14.5 3.1 
3089 Absent 
3090 Absent 2.7 Curved Posterior 2 12.8 3 
3091 Absent 1.8 Curved Posterior 2.5 13 3.5 
3092 I Absent 2.9 Curved Posterior 1.8 10 2.2 
3093 Absent 1.8 ObliQue Posterior 1.5 1.8 
3094 Absent 2.3 ObliQue Posterior 1.9 10.5 2.3 
3095 Absent 0.6 Oblioue Posterior 1.6 7.1 0.4 
3096 Absent 5.7 Curved Posterior 2.6 13.6 2 
3097 Absent 1 ObliQue Posterior 0.7 4.8 0.3 
3098 Absent 
3099 Absent 3.6 Curved Posterior 3.3 16.4 1.4 
3100 I Absent 3.2 ObliQue Posterior 2 16.4 0.4 
3101 .Absent 2.6 Curved Posterior 2.7 10.7 1.5 
3102 Absent 1.5 Curved Posterior 1.1 5.2 0.3 
3103 Absent 1.1 ' Curved Posterior 1.1 5.8 1 
3104 Absent 0.7 ObliQue Posterior 1 4.9 0.3 
3105 Absent 1.7 Curved Posterior 2 10.9 1.5 
3106 Absent 
3107 Absent 
3108 Absent 0.8 ObliQue Posterior 1 4.8 0.5 
3109 Absent 
3111 Absent 1 Orthoaonal 1.4 6.6 1.5 
3112 Absent 1.5 OrthoQonal 1.1 8 0.8 
3113 I Absent 1.7 Orthoaonal 2.5 9 1.3 
3114 Absent 1.6 Orthoaonal 1.2 1.2 
3115 Absent 2 ObliQue Posterior 2.1 8.5 2.4 
3116 I Absent 1.5 Curved Posterior 1.5 8.6 2.3 
3117 Absent 2.2 ObliQue Posterior 3 I 13.7 2.9 
3118 Absent 2.5 Orthoaonal 2.2 13.3 2.4 
3119 Absent 1.8 OrthoQonal 8 1.6 
3120 Absent 2 Orthoaonal 2.4 8 0.5 
3121 Absent 1.3 Orthooonal 1.9 7.3 1.1 
3122 Absent 1.7 Curved Posterior 2 7.9 1.6 
3123 Absent 1.7 Orthogonal 2.5 14.5 1.5 
3124 Absent 2.8 ObliQue Posterior 3 13.4 2.4 
3125 Absent 1.3 Oblioue Posterior 1.9 8.3 2.2 
3126 Absent 0.7 Curved Posterior 6.8 1.5 
31 27 Absent 2 ObliQue Posterior i 2 7.1 2.2 
3128 I Absent 2 OrthoQonal l 2.4 8.9 2.1 
3129 Absent 1.9 ObliQue Posterior 1.4 8.2 2 
3.130 Absent 1.51 Curved Posterior 1.6 8.2 2.1 
3131 I Absent 2.3 Orthogonal 2.8 10 2.6 
3132 Absent 2 Curved Posterior 2.7 9.1 2.4 
3133 I Absent 1.9 ObliQue Posteriori 2.3 6.9 1 
3134 Absent 0.9 Curved Posterior i 1.5 7.3 2 
3135 I Absent 1.8 Curved Posterior 1.6 9.3 1.9 
3136 Absent 1.1 Curved Posterior 1.1 7.1 1.4 
3137 Absent 
3138 I Absent 
3139 Absent 1.61 ObliQue Posterior 2.9 10.5 2.4 
3140 Absent 2.21 ObliQue Posterior 2 11 2 
3141 I Absent 2.1 Orthogonal 2 7.9 1.9 
3142 Absent 1.5 Oblioue Posterior 1.9 8.8 2.5 
3143 Absent 1.5 Curved Posterior 2 7.8 2.7 
3144 Absent 1.5 Oblioue Posterior 7 2.3 
3145 Absent 1.3 Curved Posterior 1.4 6.8 2.2 
3146 I Absent 1.9 Oblioue Posterior 9.8 2.5 
3147 I Absent 2.4 Orthoaonal 3.3 12.5 2.3 
3148 I Absent 2.2 ObliQue Posterior 4 13.2 3.1 
3149 Absent 2.8 Orthoaonal 2.7 10.3 3.7 
3150 Absent 2.7 Orthogonal I 3 11.9 2.4 
3151 Absent o.9 i Curved Posterior 1.6 6.9 
3152 I Absent 1.1! Oblique Posterior 11 .3 2.1 
3153 I Absent 2.5 Orthoaonal 3.2 14 2.6 
3154 Absent 
3155 Absent 
3156 I Svmmetric 1.3 ObliQue Anterior! 4 14 
3157 Svmmetric 2 Orthoaonal i 3 11 .2 
3158 I Astmmetric to posterior 1.21 Obliaue Anterior ! 2.6 14.31 
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Genus I Soecles I 5# Valve Tvoe L# Max L Max H Beak L Tooth L Conv Robust1 Robust2 
Prooarrevsia lelsoni 3159 Left Valve 1151 i 33.6 24.7 13.6 18.5 8 3.2 2.5 
Proparrevsia lletsoni 3160 Rioht Valve 5233 45.9 39.9 14.3 26.1 13.5 5 2.7 
Prooarrevsia letsoni 13161 Rioht Valve 5239 33.5 28 12.6 9 2.1 2 
Proparrevsia lletsoni 3162 I Righi Valve 6666 ' 46.7 
34.9 18.8 23.4 13 5.2 , 3.9 
Proparreysia ltetsoni 13163 I Righi Valve 5233 I 30.6 1 25.8 11.8 16.7 8 3.3 2.2 
Prooarrevsia letsoni 13164 Left Valve 15233 45.7 41.8 19.5 25 13 5.5 4 
Procarrevsla letsoni 13165 Riehl Valve 5233 l 30.5 26.1 12 16.2 8.51 3 2.5 
Prooarrevsia letsoni 13166 !Left Valve 5233 i 44.6 39 18.6 12.51 4.4 . 3.3 
Prooarrevsia letsoni 3167 Riehl Valve 5233 42 .3 39 17.4 1 131 4 3.6 
Prooarrevsia lelsoni 3168 Riaht Valve 5233 43.6 37.1 17 25.2 12 4 2.8 
Proparrevsia letsoni 3169 !Left Valve 6605 41.6 37 16.2 131 
Proparreysia letsoni 13170 Left Valve 6666 I 37.8 36 · 14.51 21.9 12 4.2 3.3 
Prooarrevsia letsoni 13171 Riehl Valve 5233 45.2 39 1 17.2 15 5 3.4 
Prooarrevsia lelsoni 131 72 I Rieht Valve 19 39.3 35.7 16.9 , 23.4 11 3.9 3.3 
Prooarrevsia letsoni 3173 Left Valve 5233 32.4 27 12.2 19.3 8.5 3.1 1.9 
Prooarrevsia letsoni 3174 Left Valve 5233 49.6 43.7 20.3 26.4 14.5 4.4 3.9 
Prooarrevsia letsoni 3175 Left Valve 6666 48.9 41 15.7 30.2 12 3.7 2.9 
Prooarrevsia letsoni 13176 Left Valve 1151 61.1 51 I 26.7! 19 8 5.4 
Prooarrevsia letsoni 3177 Riehl Valve 6605 54 .6 44.4 20.6 33 16 5.9 2.7 
Proparrevsia letsoni 3178 Left Valve 6666 51 .3 45.2 18.5 32 15 5.1 3.5 
Proparrevsia letsoni 3179 Riehl Valve 6666 61 .4 49.7 23.1 35.6 13 4.5 4.7 
Prooarreysia letsoni 3180 Rghl Valve 6605 45.6 21.6 14 4.9 2.9 
.Proparrevsia letsoni 3181 Left Valve 5239 50.5 18.81 14.5 4.3 3.4 
Proparreysia letsoni 3182 Left Valve 6666 I 58.9 51 20.2 1 39.7 13 5.6 3.9 
Prooarrevsia letsoni !3183 Left Valve 6666 68.9 56.71 25.2) 34.8 19.51 6.1 4.1 
Prooarrevsia lelsoni 13184 Riehl Valve 6605 j 52 41.9 19.81 28.6 14 4.61 4.6 
Prooarrevsia lietsoni 3185 Articulated 6695 i 44 39 ! 25;12.5 
Proparrevsia letsoni 3186 Articulated 5233 i 36 30 i 18;9 
Proparrevsia letsoni 3187 Articulated 6666 I 58 40 I 12 
Proparrevsla letsoni 3188 Articulated 6666 69 so l 32;15 
Proparreysla verrucosiformis 3189 Right Valve 6666 58.2 25.2 \ 20 6.4 4.6 
Proparreysia lverrucosiformis 3190 Left Valve 5233 52.6 50.7 18.3 31 .2 18.5 7.5 6.8 
Prooarrevsla verrucosiformis 3191 Left Valve 5233 49.3 44.6 17.31 27.3 161 6.3 4.6 
Prooarrevsla verrucosiforms 3192 Riehl Valve 6695 62.5 55 20.91 30.6 18 6.5 4.7 
Prooarrevsia lverrucosiformis 13193 Left Valve 6666 I 58.9 26 21 6.9 4.8 
Proparrelsia verrucoslformis 3194 Left Valve 16666 59.2 54.5 21.1 ! 36.8 15 5 3.5 
Proparrevsia verrucosiforrnis 3195 Right Valve 5233 47 .6 48 .8 18.7 24 .8 17 6.2 4.4 
Proparrevsia verrucosiformis 3196 Right Valve 6605 59.6 24.4 19.5 8 5 
Proparreysia verrucosiformis 3197 Right Valve 6605 I 51.8 46.2 19.8 , 29.5 14.5 5.3 3.4 
Prooarrevsia verrucosiformis 3198 Rieht Valve 5233 I 44.9 46.5 16.21 28.6 16 6.5 5 
Prooarrevsia verrucosiformis 3199 Left Valve 5233 47.1 42.5 20.7 27.3 16 6.3 5.9 
Prooarrevsia verrucosiformis 3200 Rioht Valve 5233 44 .4 41 .6 17.5 24 .5 13 5 5.1 
Proparrevsia verrucosiformis 3201 Left Valve 5233 47 .1 43 17.5 • 26.9 16 6 4.5 
Prooarrevsia verrucosiformis 3202 Left Valve 5239 52.8 20.51 14.5 3.5 3.2 
Proparrevsia verrucosiformis 3203 Right Valve 6666 50 .7 44.8 21 .2 25.7 14 1 4.6 3.3 
Proparrevsia verrucosiformis 3204 Left Valve 6666 I 55.5 48.3 20.3 14.51 4.2 
Proparrevsia verrucosiformis 3205 Riehl Valve 6666 59.1 55.9 26 ! 26.5 15.51 6 4.6 
Prooarrevsia verrucoslforrnis I 3206 I Riehl Valve 16666 61.1 24 .9 19.5 6.9 4.7 
Prooarrevsia 1verrucosiformis 13207 Right Valve 6666 63.5 25.1 17.5 6 3.9 
Proparreysia verrucosiformis 3208 I Riehl Valve 6666 I 62.9 57.9 20.4 ! 35.6 17 7 4.7 I 
Proparreysia verrucosiformis 3209 Left Valve 6666 ' 68.5 59.8 26 ' 34.4 18 7 5.8 
Prooarrevsia verrucosiformis 3210 Riehl Valve 6666 ! 83.3 73.8 25.3 46.6 22.5 8.7 4 
Prooarrevsia 1verrucosiforrnis 3211 Rioht Valve 5233 41.6 37 18 22 .5 131 4.8 3.2 
Prooarrevsia verrucosiformis 3212 Left Valve 15233 j 52.7 49.31 19.3 32.6 17 7.3 5.8 
_Proparrevsia verrucosiformis 3213 Left Valve 16666 60.8 56.5 24.8 35.7 17.5 6.8 2.9 
Proparrevsia verrucosiformis 3214 Riehl Valve 6605 I 55 .2 52.5 19.71 33 .2 16 7 5.1 
Proparreysia verrucosiformis 3215 Left Valve · 5239 54.6 54 .1 25.3 ! 19 4.1 4.4 
Prooarrevsia lverrucosiformis 13216 Left Valve 6605 ! 55.9 22.5 i 19 , 6.9 4.7 
Prooarrevsia , verrucosiformis I 3217 iLefl Valve 6666 I 58 .9 52 1 20.31 33.1 20 6.6 4.8 I 
Prooarrevsia verrucosiforrnis !3218 Rioht Valve 6605 47 .7 41.9 20 .8 i 25.2 15 6.7 4.7 
Prooarrevsia verrucosiformis 3219 Left Valve 6666 I 50.3 44.4 19.4 ! 29 12.5 4.2 2.4 
Proparrevsia verrucosiformis 3220 I Left Valve 16605 I 56 .3 52.1 23 ! 31.2 18 6.2 4 
Proparrevsia verrucosiformis 3221 Left Valve 1151 43.4 40.8 14.3i 15 5.2 4.2 
Proparrevsia verrucosiformis I 3222 Riehl Valve 6605 I 50.1 21 .7 15 6.4 2.8 
Proparreysia lverrucosiforrnis 13223 Riehl Valve 5233 I 50 47 .7 21.1 i 25.8 16 7.1 4.3 
Proparreysia verrucosiforrnis I 3224 Riehl Valve 6666 74.3 68.9 21 .8 46.2 23 9.2 5.1 
Proparrevsia !verrucosiforrnis 13225 Articulated 5233 i 33 34 I 24;13 
Proparreysia verrucosiforrnis I 3226 Articulated 15233 43 40 ! 24;12 1 
Prooarrevsia verrucosiformis 3227 Articulated 6695 42 38 i 23;12 
Prooarrevsla verrucosiformis 3228 .Articulated 5239 I 36 35 21.5 1 
Prooarrevsia verrucosiferrnis 3229 Articulated 6666 I 49 46 I 
Plesielliolio poslbiplicalus 4034 Left Valve 5233 36.3 24 1 6.7 1 21.5 9 3 3 
Plesielliptio poslbiplicalus 4059 Articulated 5233 30 .5 21 I 15.5;8 
Plesielliotio Whitfield! 4072 Articulated 5233 I 45 20 I 13 I 
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S# RobustJ Robust4 OuUlne Ant Shp Ant Svm Pos Shp Pos Sym 
3159 2.3 3.3 Orbicular Very Strano Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3160 3 4 Orbicular! Strano Curvature ! Asvmmetric Dorsal Sllqht Curvature Asymmetric Dorsal 
3161 2.5 Orbicular Strong Curvature I Asvmmetric Dorsal Sliqht Curvature Symmetric 
3162 3.9 5 Orbicular I 
3163 1.91 3.11 Orbicular Strano Curvature Asvmmetric Dorsal Slight Curvature Svmmetric 
3164 3.3 4.7 Orbicular Stronq Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3165 2.5 3.11 Orbicular Very Strong Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3166 3.8 3.7 Orbicular Very Strong Curvature I Asvmmetric Dorsal Sliqht Curvature Symmetric 
3167 I 2.9 3.7 Orbicular Strong Curvature Asvmmetric Dorsal Sliqht Curvature Asvmmetric Dorsal 
3168 I 2 ' 4.4 Orbicular I Strano Curvature Asvmmetric Dorsal Slight Curvature Svmmetric 
3169 Orbicular Strano Curvature . Asvmmetric Dorsal Slight Curvature Svmmetric 
3170 i 4.11 Orbicular! Strano Curvalure Asymmetric Dorsal Slight Curvature I Symmetric 
3171 I 4.81 Orbicular Strano Curvature Asymmetric Dorsal Moderate Curvature Symmetric 
3172 I 2 I Orbicular Stronq Curvature Asymmetric Dorsal Sl ight Curvature Svmmetric 
3173 31 3 Orbicular Stronq Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3174 I 3.6 4.8 Orbicular Very Stronq Curvature Asymmetric Dorsal Sliaht Curvature Symmetric 
3175 I 3.1 4.9 Orbicular Strong Curvature Asymmetric Dorsal Moderate Curvature Symmetric 
3176 7.5 Orbicular Very Stronq Curvature Asymmetric Dorsal Moderate Curvature Symmetric 
3177 3.2 4.6 Orbicular Very Strong Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3178 3.6 4.4 Orbicular Strong Curvature I Asvmmetric Dorsal Sllaht Curvature Symmetric 
3179 I 3.4 4.1 Orbicular! Strano Curvature Asvmmetric Dorsal Moderate Curvature Svmmetric 
3180 4.4 Orbicular Verv Strano Curvature1 Asymmetric Dorsal Slight Curvature Svmm,,tric 
3181 4.9 Orbicular Stronq Curvature Symmetric Slight Curvature Symmetric 
3182 3.6 4.7 Orbicular Strong Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3183 5 6.2 Orbicular Very Strong Curvature As""'""'tric Dorsal Moderate Curvalure s etric 
3184 3.8 5.3 Orbicular Strong Curvature Asvmmetric Dorsal Moderate Curvature Asymmetric Ventral 
3185 Orbicular 
3186 Orbicular 
3187 I Orbicular I 
3188 Orbicular 
3189 51 Orbicular Strano Curvature Asymmetric Dorsal Sl ight Curvature Svmmetric 
3190 5.11 6.9 Orbicular Stronq Curvature I Asymmetric Dorsal Slight Curvature Asymmelric Ventral 
3191 I 4.4 5.2 Orbicular I Strong Curvature Asymm~tric Dorsal Slight Curvature Asymmetric Dorsal 
3192 5.1i 5.9 Orbicular Strong Curvature I Asvmmetric Dorsal Moderate Curvature Asymmetric Ventral 
3193 6.3 Orbicular Strano Curvature Asvmmetric Dorsal Sliaht Curvature Symmetric 
3194 3.2 5.3 Orbicular Strano Curvature Asvmmetric Dorsal Sliqht Curvature Asymmetric Dorsal 
3195 5 5.21 Orbicular Strano Curvature Asvmmetric Dorsal Slight Curvature Asymmetric Dorsal 
3196 I 7.7 Orbicular Strong Curvature Asymmetric Dorsal Slight Curvature Svmmetric 
3197 4.2 5.6 Orbicular Strong Curvature Asymmetric Dorsal Slight Curvature Asymmetric Dorsal 
3198 4.6 6.8 Orbicular Moderate Curvature Asymmetric Dorsal Slight Curvature Svmmetric 
3199 3.9 6.1 Orbicular Very Strong Curvature Asymmetric Dorsal Moderate Curvature Svmmetric 
3200 4.8 5.8 Orbicular Strong Curvature Asymmetric Dorsal Moderate Curvature I Symmetric 
3201 4.1 4.91 Orbicular Strong Curvature Asymmetric Dorsal Moderate Curvature Asymmetric Dorsal 
3202 Orbicular! Strong Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3203 3.4 4 Orbicular! Very Strong Curvature I Asymmetric Dorsal Slight Curvature Asymmetric Dorsal 
3204 5.4 Orbicular Strano Curvature Asvmmetric Dorsal Slight Curvature Symmetric 
3205 4.9 6.1 Orbicular Verv Strano Curvalure Asymmetric Dorsal Slight Curvature Svmmetric 
3206 3.7 7.8 Orbicular Sirena Curvature Asvmmetric Dorsal Sliaht Curvature Symmetric 
3207 4.5 Orbicular Strong Curvature Asymmetric Dorsal Slight Curvature Svmmetric 
3208 5.51 8.2 Orbicular! Moderate Curvature Asvmmetric Dorsal Moderate Curvature Asymmetric Ventral 
3209 6 , 8.1 Orbicular! Strano Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3210 5.6 7.4 Orbicular Strong Curvature I Asvmmetric Dorsal Moderate Curvature Asvmmetric Ventral 
3211 2.6 4.5 Orbicular Very Strong Curvature Asymmetric Dorsal Moderate Curvature Asvmmetric Dorsal 
3212 5 8.1 Orbicular Strong Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3213 5.1 6.7 Orbicular Strano Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3214 3.9 8.51 Orbicular Strano Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3215 3.9 Orbicular Strano Curvature Asymmetric Dorsal Slight Curvature Symmetric 
3216 6 Orbicular! Strano Curvature Asvmmetric Dorsal Slioht Curvature Symmetric 
3217 7.5 Orbicular Stronq Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3218 4.4 6.4 Orbicular! Very Strong Curvature ; Asvmmetric Dorsal Moderate Curvature Symmetric 
3219 4.5 1 Orbicular! Very Strong Curvature Asvmmetric Dorsal Moderate Curvature Symmetric 
3220 I i 6.4 Orbicular Stronq Curvature I Asvmmetric Dorsal I Sliaht Curvature Symmetric 
3221 5.3 Orbicular I Siron~ Curvature j Asvmmetric Dorsal Sliaht Curvature Symmetric 
3222 I 4.7 Orbicular Strong Curvature I Asvmmetric Dorsal Slight Curvature Symmetric I 
3223 3.61 3.7 1 Orbicular! Strong Curvature Asymmetric Dorsal Slight Curvature Svmmetric 
3224 3.5 9 Orbicular Strano Curvature Asymmetric Dorsal Moderate Curvature Svmmetric 
3225 Orbicular ! 
3226 I I Orbicular! 
3227 Orbicular! 
3228 Orbicular! I 
3229 Orbicular! 
4034 5.7 5.51 Ovate Elliptical Moderate Curvature I Svmmetric Moderate Curvature Symmetric 
4059 I Ovate Elliptical ! 





















































Mod:C:~e ~~Nature I Dor Sym Asvmmetric Anterior 
Strong Curvature ; Asymmetric Anterior 
Strong Curvature I Asymmetric Anterior 
Strona Curvature ! Asvmmetric Anterior 
Strona Curvature Svmmetric 
Strano Curvature Asvmmetric Anterior 
Strano Curvature , Svmmetric 
Strano Curvature ! Svmmetric 
Strano Curvature ASYITVTletric Anterior 
Stronq Curvature ! Asvmmetric Anterior 
Strano Curvature i Asvmmelric Anterior 
Strong Curvature Symmetric 
Strong Curvature I Symmetric 
Strong Curvature ! Asymmetric Anterior 
Moderate Curvature i Asvmmetric Anterior 
Sirena Curvature Asvmmetric Anterior 
Moderate Curvature As=tric Anterior 
Moderate Curvature Svmmetric 
Strano Curvature Asvmmetric Anterior 
Moderate Curvature Svmmetric 
Strong Curvature Symmetric 
Strong Curvature Asymmetric Anterior 
Strong Curvature Asymmetric Anterior 
Strano Curvature I Asvmmetric Anterior 
Strong Curvature I Symmetric 
Moderate Curvature Asvmmetric Anterior 
Strong Curvature Symmetric 
Strong Curvature I Asymmetric Anterior 
Strong Curvature I Svmmetric 
Strong Curvature I Asvmmetric Anterior 
Moderate Curvature I Asvmmetric Anterior 































Moderate Curvature I 
Moderate Curvature I 
Moderate Curvature 
Strano Curvature Svmmetric Moderate Curvature 
Strona Curvature Asvmrnetric Anterior 
Strong Curvature Symmetric 
Moderate Curvature Asymmetric Anterior 
Strong Curvature , Asvmmetric Anterior 
Strano Curvature I Svmmetric 
Strano Curvature Asvmmetric Anterior 
Strano Curvature Asyrrvnetric Anterior 
Strano Curvature Asyrrvnetric Anterior 
Strong Curvature Asymmetric Anterior 
Strong Curvature I Asyrrvnetric Anterior 
Sirena Curvature I Svmmelric 






Strano Curvature I 
Moderate Curvature 
Moderate Curvature 




~3~2~0~9-+-~S~lro~n~g Curvature Asymmetric Anterior Strong Curvature 
3210 Strong Curvature Asy1TVT1elric Anterior Strong Curvature 







Moderate Curvature i 
Sirena Curvature 
Siron a Curvature I 
Strano Curvature ! 
Strano Curvature I 
Asvrrvnelric Anterior Sirena Curvature 
Asvmmetric Anterior Moderate Curvature I 
Asvmmetric Anterior Sirena Curvature 
Asyrrvnetric Anterior Strano Curvature 
Asyrrvnelric Anterior Strano Curvature 
Moderate Curvature . Asymmetric Anterior Strong Curvature 
3218 j Moderate Curvature Asvrrvnetric Anterior Moderate Curvature 
3219 I Moderate Curvature l AsvmmPtric Anterior Moderate Curvature 
3220 Moderate Curvature ! Asvmmetric Anterior Strano Curvature 
3221 Strona Curvature Sy1TVT1etric Strano Curvature 
3222 Strano Curvature Asvmmetric Anterior Strano Curvature 
3223 Strong Curvature , Asyrrvnetric Anterior Moderate Curvature 












































































































































































































0 Greater Than Half 
O Greater Than Half 
S# PV Curv PV Width Umb Und Umb Cav Umb Prom Rows N No N N Prom N She 
3159 Curve posteriorly Narrow 0 0.0686 2.6 1 3 2.5 Flat 
3160 Curve posteriorly Moderate 0 0.0969 2.1 1 31 1.51 Pointed 
3161 0 0.0178 1.1 1 3 1.51 Flat to rounded 
3162 I Curve posteriorly Narrow 0 0.099 2.5 1 3 1.5 ' Pointed 
3163 Curve posleriorlv Narrow 0 0.0484 1 1.4 1 3 1 1.51 Fial 
3164 Curve posteriorly Very narrow 0 0.3463 2.7 1 3 2.5 ! Pointed 
3165 Curve oosteriorlv Moderate o l 0.0306 1.5 1 3 1 1.5 ! 
3166 I Curve oosteriorlv Narrow 0 0.3018 2.9 , 1 31 2.5 ! 
3167 DI 0.1444 2.2 1 3 2.51 Flat to rounded 
3168 I Curve posteriorlv Verv narrow 0 0.1412 2 1 1 3 2.5 
3169 Slioht curve posteriorly Narrow 0 2 1 4 2.5 i Pointed 
3170 Curve posteriorly Narrow 0 0.3479 2.7 1 4 1 2.s: Rounded 
3171 Slioht curve posteriorly Narrow 0 0.1043 2.4 1 41 2 : Pointed 
3172 High curve posteriorly Narrow 0 2.2 1 3 2 
3173 Curve posteriorly Narrow 0 0.0867 1.4 1 3 21 Rounded 
3174 Curve oosteriorlv Narrow 0 0.4028 1.3 1 3 2.51 Flat to rounded 
3175 I Curve oosteriorlv Narrow 0 0.3414 2.8 1 2 31 Rounded 
3176 I 0 0.6636 2.3 1 31 31 Pointed 
3177 0 0.2049 1.9 1 4 2.5 j Pointed 
3178 Hiah curve posteriorly Narrow 0 0.3629 2.8 1 4 2 j Rounded 
3179 Curve posteriorly Narrow 0 0.2915 2.91 1 3 3 i Flat 
3180 o l 0.2886 3.1 1 4 2.5 Pointed to rounded 
3181 0 0.613 2.5 1 3 3 Pointed to rounded 
3182 Curve posteriorly Narrow 0 0.3623 2.8 1 4 2.5 Pointed 
3183 Curve posteriorly Moderate 0 1.2462 4 1 4 2.51 Flat 
3184 High curve posteriorly Narrow 0 0.143 2.2 1 3 1.51 Flat 
3185 0 1 4 1.5;1.5 Pointed 
3186 0 1 2 1.5 ! Pointed 
3187 I Curve oosteriorlv Moderate 0 1 4 2! Pointed 
3188 0 1 4 1 1.51 Pointed 
3189 0 3.2 0 15 2.5 Flat to pointed 
3190 I Sliaht curve posteriorly Wide 0 0.3877 1 3.2 1 0 6 1.5 i Flat 
3191 Straioht Moderate 0 0.337 2.7 0 5 
3192 Straight Wide 0 0.3521 5.2 0 10 21 Pointed to flat 
3193 o l 0.4255 4.1 0 6 i 3 i Rounded to oointed 
3194 o l 0.5571 2.9 0 8 2 i Flat-like 
3195 Straiaht Wide 0 0.2555 2.3 0 a l 2.5 ! Pointed 
3196 o! 0.5583 2.7 1 0 10 2.5 \ Rounded 
3197 Straiaht Wide o : 0.1882 351 0 6 ' 1.Sl Pointed 
3198 Straioht Wide o , 0.2393 2.6 0 11 2.5 • Rounded 
3199 Straioht Wide DI 0.2766 2.2 0 4 i 
3200 Sliaht curve posteriorly Wide 0 0.256 2.7 0 7 Flat 
3201 Sliaht curve posteriorly Wide o l 0.6679 1 2.4 0 6 2.5 1 Rounded 
3202 0 3.7 0 9 3.5 
3203 Straight Wide 0 0.1618 3.1 0 8 ' 21 Flat 
3204 0 2.4 0 8 2.5 Flat to rounded 
3205 0 ' 0.4281 4 .5 0 8 2 Pointed 
3206 0 0 .6676 4.6 0 7 2 Flat to rounded 
3207 Straioht Wide 0 3 0 7 2 Flat to pointed 
3208 I Straioht Wide o · 0.4171 3.1 0 51 3.5 Flat 
3209 StraiQ!!! Wide 0 0.4606 3.7 0 6 2.5 Flat 
3210 I Sliaht curve oosteriorlv Wtde 0 1.4312 4.2 0 16 2.5 Flat 
3211 I Straiaht Wide 0 0.0719 2.8 0 8 1.5 ! Flat 
3212 Sliaht curve posteriorly Wide 0 0.2965 2.1 0 9 i 2i Rounded 
3213 Straight Wide ! 0 1.1173 2.6 0 8 2! 
3214 I o i 0.2224 3.6 0 6 I Rounded I 
3215 0 1.1 041 3.4 1 0 12 3.5 1 Flat to pointed 
3216 Slioht curve oosteriorlY Moderate 0 0.5756 2.4 0 9 2 Rounded 
3217 I Straiaht Wide o! 0.4528 4.6 1 0 7 1 3. Rounded to flat 
3218 !steriorly (almost absent) Wide O[ 0.166 2.4 0 14 2' Rounded to flat 
3219 o , 0.3328 2.6 0 7 2 Flat to pointed 
3220 I ol 0.5631 3.2 0 6 2.51 Flat to rounded 
3221 Straight Wide 0 0.2046 1.81 0 41 21 Flat 
3222 Straight Wide 0 3.1 0 7 3 ! Rounded 
3223 Straight Moderate I OI 0.2682 1 2.9 0 61 1.51 
3224 Straioht (almost absent) Wide ! o i 1.2473 5.5! 0 a l 2.51 Rounded 
3225 Slioht curve posteriorly Wide a l 0 71 21 Rounded 
3226 I Sliaht curve posteriorly Wide a l I I 0 6 2.5;1.5 \ Flat to rounded 
3227 Slight curve oosterlorlv Moderate 0 0 10 2.51 Rounded 
3228 I Slight curve posteriorlv Wide 0 I 0 s! 1.5;2! Rounded 
3229 Straiaht Moderate I 0 0 a ! I Rounded to flat 
4034 Absent Absent 0.0319 1.9 0 I Absent Absent 
4059 Absent Absent 9;10 : I 0 Absent ! Absent 
4072 I Absent Absent 0 Absent I Absent 
184 
S# N Sym Hlnae Pl ! Tth Shp CT Prom CT Width LT Curv 
3159 Svmmetric 1.21 Obliaue Anterior 2 9 0.9 
3160 I Asvmmetric to oosterior 1.3! Obliaue Anterior 12.5 1.1 
3161 I Symmetric 0.8 Orthoaonal 9.2 
3162 I Svmmetric 3.7 Obliaue Anterior 1.7 18.1 
3163 Asvmmetric to posterior 1.2 Oblique Anterior 1.4 8.6 0.6 
3164 Asymmetric ta posterior 2.3 Oblique Anterior 1.5 14.6 1.2 
3165 0.6 Orthogonal 1.2 8.4 0.6 
3166 I 1.7 i Orthogonal 2 13.6 
3167 Svmmetric 
3168 I 1.9 Orthooonal 1.5 
3169, I Asvm:netric to anterior 3.11 Obliaue Anterior 1.7 13.6 
3170 Svrrmetric 2.3 ; Obliaue Anterior 2.8 12.6 
3171 Svrrmetric 2.4 Orthoaonal 16.1 
3172 Oblique Anterior 11.6 0.3 
3173 Syrrvnetric 1.5 Orthoaonal 2.3 7.9 0.7 
3174 Symmetric 2.2 Orthogonal 2.1 15 0.7 
3175 Symmetric 2.3 Oblique Anterior 2.1 12.1 2.4 
3176 Symmetric 4 Orthogonal 3.2 21.7 
3177 Svmmetric 3! Oblioue Anterior 1.9 17.3 1.3 
3178 Asvmmetric to anterior 2.3 ! Orthooonal 2 12.4 1.1 
3179 Svmmetric 2.51 Oblique Anterior 2.5 14.3 2.6 
3180 I Asvmmetric to oosterior 1.8 Oblique Anterior 2.6 14.4 
3181 Asymmetric to posterior 2.4 Oblique Anterior 2.5 16.3 
3182 Symmetric 3.2 Orthogonal 3.7 14.8 1.3 
3183 Asymmetric to posterior 3.2 , Orthogonal 3.9 19.4 2.4 
3184 Symmetric 2.2 ! Orthogonal 14.4 1.5 
3185 Svmmetric 
3186 Asvmmetric to oosterior 
3187 Asvmmetric to oosterior 
' 3188 Asymmetric to posterior 
3189 Symmetric 3.5 i Oblique Anterior 2.1 
3190 Symmetric 3i Orthogonal 2.4 17 1.6 
'3191 I 1 
3192 ,ymmetric and asvmmetric 3.4 • Orthooonal 18 1.7 
3193 Asvmmetric to oosterior 3 Orthooonal 3.1 16.8 
3194 lrreqular 2 Oblique Anterior 3.3 17.5 2.1 
3195 Svrrvnetric 2 Orthoqonal 2.1 
3196 Svmmetric 3.3 Orthoaonal 2.2 19.6 
3197 I Asymmetric to anterior 2.3 Orthoaonal 2.3 15.1 1.4 
3198 Symmetric 2.3 Orthoaonal 12.1 1.8 
3199 2.2 Orthogonal 2.5 15.3 1.7 
3200 Symmetric 1.7 Oblioue Anterior 10.5 1.1 
3201 Svmmetric 1.61 Orthooonal 2 17.3 1 
3202 I 2.7 ! Orthoqonal 2.8 15.7 
3203 Svmmetric 1.9 ! Oblique Anterior 1.3 15.4 1.6 
3204 Symmetric 1.8 Orthoaonal 2 15.2 
3205 Asvmmetric to anterior 2.7 Orthogonal 1.8 18.6 
3206 Asymmetric to anterior 3.5 Orthooonal 2.3 19.5 
3207 Asvmmetrlc to oosterior 2.7 Oblique Anterior 2.5 
3208 Asvmmetric to oosterior 3.2 i Orthoaonal 2.2 17.7 1.8 
3209 Symmetric 3.3 Oblique Anterior 3.4 19.5 2.7 
3210 I Svmmetric 4.6 i Orthoaonal 3.1 24.2 2.5 
3211 Svmmetric 1.3 j Oblique Anterior 1.5 
3212 Svmmetric 3.31 Orthoqonal l 18.3 
3213 3.3 i Orthoaonal 3.2 17.2 
3214 Symmetric 2.6 1 Orthoaonal 2.3 16.9 1.9 
3215 I Symmetric 1.5 Oblique Anterior 2.4 18.1 
3216 I Asvmmetric to anterior 1.9 Orthooonal 3.1 15.7 
3217 Asvmmetric to anterior 3.2 Orthooonal 2.7 17.6 1.9 
3218 Svmmetric 2.8 Obliaue Anterior 2.4 16.8 
3219 Svmmetric 1.9 Curved Anterior 2.1 13.1 0.7 
3220 Asvmmetric ta oasteriar 2.1 Orthaaanal 2.5 14.4 
3221 Symmetric 1.3 Orthaaonal 2.2 13.8 
3222 I Symmetric 2 , Orthoaonal 2 15.1 
3223 I Orthoaonad 1.9 16.4 1.3 
3224 Symmetric 5.5 ! Orthogonal ! 3.7 21 .7 1.9 
3225 Symmetric 
3226 Asymmetric to posterior I 
3227 Symmetric 
3228 I Asymmetric to oasterior I 
3229 Symmetric 
4034 Absent 1.8 i Orthoaonal 2.5 8.7 0.8 
4059 Absent I 
4072 Absent I I ' 
185 
Genus Species S# Valve Type L# Max L Max H Beak L Tooth L Conv Robust1 Robust2 
Plesielliptio I aibbosoides 14075 Articulated 5233 : 54 26 1s t 
Plesielliotio whitfieldi 4085 Riehl Valve 1151 41.4 1 10.51 79.5 18 6.4 
Plesielliotio I oostbic licatus 4143 Left Valve 5585 i 35.5 24.5 5.71 22 9 3.2 3.1 
Plesielliotio I oostbic licatus 4144 Left Valve 5585 37.6 26.3 6.5 1 22.2 10 ! 3.1 3.2 
Plesielliotio I oostbic licatus 4205 Left Valve 5239 32 .6 20.8 6 19.6 a l 2.9 2.2 
Plesielliotio whitfieldi 4212 Articulated 5239 41 18 ' 10 
Plesielliotio I oibbosoides 4213 RiohtValve 5239 108.9 52.91 16 64.6 17 4.4 
Plesielliotio ! oibbosoides 4215 Left Valve 5239 40.1 10.5 55.8 141 5.8 4 
Plesielliptio I oibbosoides 4227 Left Valve 6605 74.5 34.4 5.2 43.7 13 5 4.4 
Plesielliptio I brachvooisthus 4247 Left Valve 6605 34.8 25.6 3.9 22.5 101 4.4 3.1 
Plesielliptio I oibbosoides 4265 Articulated 6605 I 84 40 32 ! 
Plesiellietio I oibbosoides 4269 !Left Valve 6605 ! 87.4 41.2 3.2 i 51.1 18 6.1 6.5 
Plesielliotio whitfieldi 4272 Left Valve 6605 94.3 39.5 5.6 ! 60.8 17 6.3 5.5 
Plesielliolio i oostbiolicatus 4275 I Rioht Valve 6605 ! 36.7 26.6 4.6 i 22.7 9 j 2.9 
Plesiellielio l_oostbiolicatus 4279 Riehl Valve 6605 41.7 28.2 6.2 1 26.5 10.5 3.5 3.7 
Plesielliotio I poslbiplicatus 4288 !Left Valve 6605 43.6 28.8 6.8 25.4 11 3.3 4.2 
Plesielliotio I eibbosoides 14295 i Right Valve 6605 93.1 41.1 1 12 1 57 .4 14 i 4.5 5 
Plesielliptio I postbiplicatus 4296 Left Valve 16605 41.4 30.4 5.8 27 11.5 3.3 4.3 
Plesielliptio I oostbiplicalus 4297 Rioht Valve 6605 36.2 23.5 5.31 21 .5 9 3 3 
Plesielliptio brachvooisthus 4301 Rioht Valve 6605 42.6 30.4 5.2 27.6 11.5 2.8 4 
Plesielliptio I oostbiolicatus 4305 Rioht Valve 6605 32.5 22.6 4.7 19.2 8.5 3 3.5 
Plesielliotio brachvooisthus 4308 Riehl Valve 6605 32.4 26 .5 4.9 20 .6 9.5 2.7 3.1 
Plesielliotio whitfieldi 4357 Left Valve 6651 I 84.2 33.8 9 48 14 1 4.9 4 
Plesiellietio I gibbosoides 4358 Left Valve 6651 76.6 36.5 10 47 .5 13 5.1 4.3 
Plesielliptio i gibbosoides 14359 Articulated 16651 87 36 28 
Plesielliptio lgibbosoides 4360 Right Valve 6651 89.7 43.4 8.4 58.8 5.1 4.5 
Plesielliotio brachyopisthus 4504 Right Valve 6666 43 30 8 24.8 10 3.6 2.9 
Plesielliptio I gibbosoides 4507 Rioht Valve 6666 80.2 36.8 8 53.8 14 1 4.6 
Plesielliptio whitfieldi 4508 Left Valve 6666 83.7 34.1 8 54.1 15 4.3 
Plesielliotio I oibbosoides 4510 Left Valve 16666 87.6 39.9 12.1 51 .6 17 5.6 5.1 
Plesielliotio laibbosoides 4511 Rioht Valve 6666 61.9 29.8 6.7 36.9 12 4.4 3.4 
Plesielliptio I aibbosoides 4512 Riohl Valve 6666 85.1 40.1 8.8 51.3 15 6.3 4.7 
Plesielliptio !oostbiolicatus 4513 Left Valve 6666 41.6 24.9 I 8 23.8 10 3.6 3 
Plesielliotio brachvooisthus 4517 I Riaht Valve 6666 40.7 30.8 4.9 25 .5 11 4.4 3.7 
Plesielliotio brachvooisthus I 4522 !Left Valve 6666 I 44 .2 31 6.2 ; 27 .1 12.5 . 3.6 4.2 I 
Plesielliotio I brachvopisthus I 4523 , Right Valve 6666 I 40.4 28.7 1 5.9 , 23 .6 10 3.2 2.9 
Plesielliotio I postbiolicatus 4526 Riehl Valve 6666 43.5 27.4 71 26.2 10.5 3.4 3.1 
Plesielllptio \gibbosoides 14529 Left Valve 6666 87 38 1 5.7 ! 49.9 14 , 5 4.3 
Plesiellietio _jwhitfieldi 4530 I Left Valve 6666 84.6 34 .7 10.1 1 48 13 4.7 2.9 
Plesielliotio iwhitfieldi 4531 Riehl Valve 6666 46.6 18.7 i 7 
Plesielliolio I oibbosoides 4532 Left Valve 6666 80 .3 35.5 a l 48 .6 14 4 
Plesielliotio I eibbosoides ' 4533 Rioht Valve 6666 77.4 40.1 5.8 53.6 16 5.8 6.2 
Plesielliotio leibbosoides 14534 Riehl Valve 16666 91 .9 42.7 7.7 53.6 16 5.3 
Plesielliotio leibbosoides 4535 I Right Valve 6666 83.9 40.61 8.21 53.3 13 4.6 
Plesielliotio ieibbosoides 4536 i Right Valve 6666 75.1 33.5 10 42.5 12 3.9 3.8 
Plesielliotio lgibbosoides 4538 I Rioht Valve 6666 I 82.6 38.4 1 9.4 50 14 1 4.7 4.2 
Plesielliptio laibbosoides 4539 !Left Valve 16666 80 ,1 37 .7 1 8.5! 47.4 14 4.2 4 
Plesielliotio I gibbosoides 14540 I Riehl Valve 6666 87 .6 40.4 10.a l 51 .3 14 4.7 4 
Plesielliotio brachvooisthus 4542 Riehl Valve 6666 47.8 32.5 5.5 ! 27 .8 13 4 4.4 
Plesielliotio ! oostbiolicatus 4545 Riehl Valve 6666 48.9 32.31 6.8 29.6 12 4 4.2 
Plesielliotio loostbiolicatus 4547 Left Valve 6666 35.1 23.3 6.1 21 9 2.8 3 
Plesielliotio laostbiolicatus 4551 Rioht Valve 6666 41.3 24 .8 5.9 25 .5 8.5 1 3 3 
Plesielliotio I aostbiolicatus 4553 Left Valve 6666 42.6 27 .8 5.4 25.5 10 3.9 2.8 
Plesielliotio brachvooisthus 4556 Left Valve 6666 47.7 34 .5 6.2 29.4 12 4 4.3 
Plesielliotio I brachvooisthus 4557 Riehl Valve 6666 39.7 29.4 4.5 21 .5 9.5 3 3.5 
Plesielliotio laoslbiolicatus 4558 Left Valve 6666 I 33.3 21 .3 5.4 20 .2 7.5 1 2 1.9 
Plesielliotio laostbiollcatus 4559 Articulated 6666 46 31 25;13 1 
Plesielliotio looslbiolicatus 4563 Articulated 6666 46 33 , 27;13 1 
Plesielliotio brachvooisthus 4565 Left Valve 6666 ! 43.4 30.1 4.9 28.2 12 i 3.9 4 
Plesielliotio l ooslbiclicatus 4568 Left Valve 6695 ' 30.4 20 4; 18.2 8 3 2.5 I 
Plesielliotio \brachvooisthus 14569 Riehl Valve 5233 42.5 33 .3 5.51 24.9 14 
Plesielliotio I brachvooisthus 457 4 ,Left Valve 5233 32 24 .7 3.4 1 20 .8 9 2.8 3.2 
Plesielliotio brachvooisthus 4575 !Left Valve 5233 38 33.4 1 5.6 i 23.7 13 3.9 4.7 
Plesielliotio brachvooisthus 4576 Left Valve 1151 57 .3 42.8 6.2 35.6 16 5.4 5.7 
Plesielliotio I brachyopisthus I 4579 Left Valve 1151 43.6 31 .81 6.2 24.9 12 4.4 3.5 
Plesielliotio whitfieldi !4581 Rioht Valve 16666 98.4 38.91 12 1 57.1 14 5.9 4.2 
Plesielliotio I aibbosoides 14605 Left Valve 16666 90.9 40.5 7.41 52 .7 18 6.5 6 
Plesiellietio lgibbosoides 4606 Left Valve 16666 99 44 12.61 60.7 101 6.4 5 
Plesiellietio ! gibbosoides 14607 Riehl Valve 6666 84 .3 38 .7 7.8 ! 47.7 15 5.2 4.6 
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S# RobustJ Robust4 Outline Ant She i Ant Sym Pos Shp Pos Svm 
4075 I Elonoate Elliotical I I 
4085 a.e l 14.7 Elonaate Ellioticail Moderate Curvature Svmmetric Sirena Curvature Asvmmetric Dorsal 
4143 I 5.4 ! 4.7 Ovate Ellioticad Moderate Curvature i Symmetric Moderate Curvature As=tric Ventral 
4144 I 5.9 4.8 Ovate Elliotical Moderate Curvature Symmetric Moderate Curvature Asvmmetric Ventral 
4205 4.7 \ 3.2 Ovate Elliotical I Moderate Curvature Svmmetric Moderate Curvature Symmetric 
4212 I Elonaate Elliotical I I 
4213 6.9 8.7 Elonaate Elli otical I Strano Curvature I Asymmetric Dorsal Strano Curvature As=tric Dorsal 
4215 I 7.7 i 7.9 Elonaate Elliotical Moderate Curvature Symmetric Strona Curvature Svmmetric 
4227 I 7.9 ! 8.2 Elonaate Elliotical Moderate Curvature Symmetric Moderate Curvature Asymmetric Ventral 
4247 5.7 4.9 Ovate Elliotical Sliaht Curvature Symmetric Sliaht Curvature Symmetric 
4265 Elonaate Elliotical 
4269 11.5 13 Elongate Elliotical Sliaht Curvature Asymmetric Ventral Very Strong Curvature Symmetric 
4272 8.1 9.11 Elongate Elliotical Sliaht Curvature Symmetric Strang Curvature Asymmetric Dorsal 
4275 5.4 4.1 Ovate Elliptical Moderate Curvature Symmetric Moderate Curvature Symmetric 
4279 5 Ovate Elllotical Sliaht Curvature Symmetric Slight Curvature Asymmetric Dorsal 
4288 6.9 5.5 Ovate Elliotical Moderate Curvature Asymmetric Ventral Moderate Curvature Symmetric 
4295 6.71 8.2 Bongate Elllotical Moderate Curvature ! Svrrmetric Strong Curvature Symmetric 
4296 6.9 5.4 1 Ovate Elliotical Moderate Curvature I Svmmetric Sliaht Curvature I Symmetric 
4297 4.3 3.8 Ovate Elli otical Moderate Curvature i Symmetric Slioht Curvature Svmmetric 
4301 6.5 ! 5.5 Ovate Elliotical I Sliaht Curvature ! Symmetric Sl ight Curvature Symmetric 
4305 4.6 \ 4.1 Ovate Elliotical Moderate Curvature i Symmetric Slight Curvature Symmetric 
4308 5.1 3.5 Ovate Elliptical Slight Curvature I Svmmetric Slight Curvature Asymmetric Ventral 
4357 6.7 5.3 Elongate Elliptical Strong Curvature Svmmetric Verv Sirena Curvature Asymmetric Dorsal 
4358 7.8 Elonoate Elliptical Strong Curvature Asvmmetric Dorsal Strona Curvature! As~mmetric Dorsal 
4359 Elonaate Elliotical 
4360 I 9.11 Elonaate Elliotical Moderate Curvature Symmetric Sirena Curvalure Asvm=tric Dorsal 
4504 7.31 4.8 Ovate Elliotical Moderate Curvature Symmetric Moderate Curvature As=tric Ventral 
4507 5.8 11 .3 Elonaate Elliotical Moderate Curvature , Symmetric Moderate Curvature Asvmmetric Dorsal 
4508 6.7 Elonaate Elliotical Strano Curvature Asvmmetric Ventral Sirena Curvature Asvmmetric Dorsal 
4510 5.8 6 Elonaate Elliotical Strano Curvature Asvmmetric Ventral Strano Curvature I Svmmetric 
4511 5.5 4.8 Elonaate Elliotical Moderate Curvature Symmetric Strano Curvature I . Svmmetric 
4512 I 7.1 1 9.1 Elonaate Elliotical ! Strano Curvature Asymmetric Dorsal Sirena Curvature ! Asvmmetric Dorsal 
4513 5.9 3.7 Ovate Elliotical Sirena Curvature Symmetric Strong Curvature Svmmetric 
4517 7.1 5.7 Ovate Elliptical Moderate Curvature I Svmmetric Sliaht Curvature Symmetric 
4522 6.8 5.6 Ovate Elllotical Moderate Curvature Svmmetric Sliaht Curvature Asvmmetric Ventral 
4523 6 4 Ovate Elliotical Moderate Curvature Svmmetric Sliaht Curvature Asvmmetric Ventral 
4526 6.5 , 4.5 Ovate Elliotical Moderate Curvature Svmmetric Sllaht Curvature Svmmetric 
4529 6.81 6.8 Elonaate Elliptical Moderate Curvature Symmetric Moderate Curvature Svmmetric 
4530 4.8 Elongate Elliotical Strong Curvature ! Symmelric Strong Curvature Asymmetric Ventral 
4531 Elongate Elliptical 
4532 6.51 7.1 Elonaate Elliotical Strano Curvature i Asymmetric Ventral Strong Curvature I Symmetric 
4533 7.4 1 10.51 Elonaate Elliotical Sliaht Curvature ! Svmmetric Moderate Curvature Symmetric 
4534 I 9.61 Elonaate Elliotical Moderate Curvature ! Asvmmetric Dorsal Strano Curvature I Asvmmetric Ventral 
4535 6.2 ! 10.2 Elonaate Elliotical Moderate Curvature ! Svmmetric Strano Curvature Symmetric 
4536 5.5 i 6.3 Elonaate Elliotical Strona Curvature ! Asvmmetric Ventral Strano Curvature Asvmmetric Ventral 
4538 6.7 9.4 Elonaate Elliotical Moderate Curvature Svmmetric Moderate Curvature Asvmmetric Dorsal 
4539 I 6.11 5.9 Elonaate Elliptical Moderate Curvature Svmmetric Strano Curvature Svmmetric 
4540 5.71 6.3 Elongate Elliptical Strong Curvature Symmetric Strong Curvature I As~mmetric Dorsal 
4542 6.9 5.3 Ovate Elliotical Moderate CuNature Svmmetric Moderate Curvature Asymmetric Ventral 
4545 7 / 5.8 Ovate Elliotical Moderate Curvature Svmmetric Moderate Curvature Asvmmetric Ventral 
4547 I 4.8 \ 3.6 Ovate Elliptical Moderate Curvature 1 Svmmetric Moderate Curvature Asvmmetric Ventral 
4551 5.3 4 Ovate Elliptical I Moderate Curvature Svmmetric Moderate Curvature Svmmetric 
4553 6.7 i 3.4 Ovate Elliptical Moderate Curvature Symmetric Sl ight Curvature Svmmetric 
4556 7.51 5.3 Ovate Elliotical Sliaht Curvature Symmetric Sl ight Curvature Asymmetric Ventral 
4557 6.8 4.8 Ovate Elliotical Sliaht Curvature Svmmetric Sl ight Curvature Asymmetric Ventral 
4558 3.9 ! 2.8 Ovate Elliotical I Moderate Curvature S"""""tric Moderate Curvature Symmetric 
4559 I Ovate Elliotical 
4563 Ovate Elliptical I 
4565 I 7.7 5.5 Ovate Elliptical I Moderate Curvature Svmmetric Slioht Curvature Asvmmetric Ventral 
4568 4.7 1 2.91 Ovate Elllotical Moderate Curvature ! Symmetric Slight Curvature Svmmetric 
4569 Ovate Elliotical Moderate Curvature Symmetric Slight Curvature Asvmmetric Dorsal 
4574 I 5.8 4.21 Ovate Elliotical Sliaht Curvature Symmetric Slight Curvature Symmetric 
4575 7.2 1 6.91 Ovate Elliptical Slioht Curvature Svmmetric Sllaht Curvature Symmetric 
4576 I 9.5 ! 6.8 Ovate Elli ptical Slight Curvature i Svmmetric Sliaht Curvature Asvrrmetric Ventral 
4579 7.4 1 5.91 Ovate Elliptical Slight Curvature Svmmetric Sliaht Curvature Svmmetric 
4581 5.7 i 10.2 Elongate Elliptical Moderate Curvature Svmmetric Verv Strano Curvature Asymmetric Ventral 
4605 6.5 10.8 Elongate Elliptical Moderate Curvature Svmmetric Strano Curvature Svmmetric 
4606 6.5 9.2 Elongate Elli ptical Moderate Curvature Asvmmetric Ventral Strano Curvature Svmmetric 
4607 6.51 7.2 Elongate Elliptical I Moderate Curvature Svmmetric Verv Strano Curvature Asvmmetric Dorsal 
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S# Ven Shp Dor Sym Dor Shp Ven Svm p Slope Div Rid~ 
4075 0 Greater Than Half 
4085 Slioht Curvature Svmmetric Slight Curvature Asvmmetric Anterior 0 Less Than Half 
4143 I Slioht Curvature Svmmetric Moderate Curvature Symmetric 0 Half 
4144 Moderate Curvature Svmmetric Moderate Curvature Symmetric 0 Half 
4205 I Sliqht Curvature I Svmmetric Sliqht Curvalure Svmmetric 0 Greater Than Half 
4212 0 Greater Than Half 
4213 Slight Curvature Asymmelric Anterior Moderate Curvature Asvmmetric Anlerior-concave 0 
4215 Slight Curvature Asvmmetric Anterior Moderate Curvature Asvmmetric Anterior-concave 0 Greater Than Half 
4227 Slight Curvature Asymmetric Anterior Moderate Curvature Svmmetric 0 Half 
4247 Moderate Curvature Asvmmetric Anterior Moderate Curvature Svmmetric 0 Greater Than Half 
4265 I 0 Less Than Half 
4269 Moderate Curvature Asvmmetric Anterior Moderate Curvature Symmerric 0 Less Than Half 
4272 Moderate Curvature Asvmmetric Anterior Slioht Curvature Symmetric 0 Half 
4275 Stronil Curvature Svmmetric Moderate Curvature ! Symmetric 0 Greater Than Half 
4279 Moderate Curvature Svmmetric Moderale Curvature Symmelric 0 Grealer Than Half 
4288 Sliqht Curvature , Svmmetric Moderate Curvature Symmetric 0 Half 
4295 Slight Curvature I Svmmetric Slicht Curvature AsvmrnPtric Anterioraeoncave 0 Less Than Half 
4296 Slicht Curvature ! Symmetric Moderate Curvature Svmmetric 0 Greater Than Half 
4297 Slioht Curvature Svmmetric Moderate Curvature Svmmetric 0 Greater Than Half 
4301 I Moderate Curvature I Svmmetric Sirena Curvature Symmetric ! 0 Greater Than Half 
4305 Moderate Curvature I Svmmetric Moderate Curvature Symmetric 0 Greater Than Half 
4308 StronQ Curvature S=tric StronQ Curvature Symmetric 0 Less Than Half 
4357 Slight Curvature Svmrnl'tric Moderate Curvature Svmmetric 0 
4358 Slight Curvature Symmetric Slight Curvature Svmmetric 0 
4359 0 
4360 I Moderate Curvature Asymmetric Anterior Slight Curvature Asvmmetric Anterior 0 
4504 Slight Curvature Asymmetric Anterior Moderate Curvature Svmmetric 0 Greater Than Half 
4507 Slight Curvature Symmetric Moderate Curvature Asvmmetric Anterior-concave 0 Less Than Half 
4508 I Slight Curvature Symmetric Slight Curvature Svmmetric 0 Half 
4510 Slight Curvature Asymmetric Anterior Slight Curvature Svmmetric 0 Greater Than Half 
4511 Slioht Curvature Asymmetric Anterior Sliaht Curvature Svmmetric 0 Greater Than Half 
4512 Slioht Curvature Asvmmetric Anterior Sliaht Curvature Asvmmetric Anterior-concave 0 Half 
4513 Slioht Curvature Symmetric SliQht Curvature I Symmetric 0 Greater Than Half 
4517 SliQht Curvature Svmmetric StronQ Curvature Symmetric 0 Half 
4522 Moderate Curvature Symmetric Strong Curvature Asvm=tric Posterior 0 Greater Than Half 
4523 Moderate Curvature I Symmetric Moderate Curvature Svmmetric 0 Greater Than Half 
4526 Slight Curvature Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
4529 Slioht Curvature Symmetric Moderate Curvature Svmmetric 0 Greater Than Half 
4530 Sliaht Curvature Symmetric Moderate Curvature Asvmmetric Posterior 0 Greater Than Half 
4531 0 Greater Than Half 
4532 I ·SliQht Curvature Asymmetric Anterior Moderate Curvature Symmetric 0 Less Than Half 
4533 Moderate Curvature Symmetric Moderate Curvature Asymmetric Anterior 0 Less Than Half 
4534 I Moderate Curvature I Asymmetric Anterior Moderate Curvature I Asymmetric Anlerior 0 Less Than Half 
4535 Moderate Curvature Asymmetric Anterior Moderate Curvature Asymmetric Anterior 0 Half 
4536 I Slight Curvature ! Symmetric Moderate Curvature Symmetric 0 Greater Than Half 
4538 i Slight Curvature Symmetric Moderate Curvature Asymmetric Anterior-concave 0 Half 
4539 Slight Curvature ! Asymmelric Anterior Moderate Curvature Symmetric 0 Half 
4540 Sliaht Curvature Svmmetric Moderate Curvature Asvmmetric Anterior-concave 0 Greater Than Half 
4542 Slioht Curvature , Symmetric Moderate Curvature Symmetric 0 Half 
4545 Slight Curvature I Asymmetric Anterior Moderate Curvature Symmetric 0 Greater Than Half 
4547 Slight Curvature , Asymmetric Anterior Strong Curvature Symmetric 0 Greater Than Half 
4551 ! Moderate Curvature , Symmetric Sliaht Curvature Svmmetric 0 Greater Than Half 
4553 Sliaht Curvature I Symmetric Moderate Curvature I Symmetric 0 Greater Than Half 
4556 Moderate Curvature ! Asvmmetric Anterior Strano Curvature ! Svmmetric 0 Half 
4557 Moderate Curvature Symmetric Strong Curvature I Svmmetric 0 Greater Than Half 
4558 I Slight Curvature i SYmmetric Moderate Curvature Symmetric 0 Greater Than Half 
4559 l 0 Greater Than Half 
4563 I 0 Half 
4565 Moderale Curvature Asvmmetric Poslerior Sirena Curvature Symmetric 0 Greater Than Half 
4568 Moderate Curvature I Svmmetric Moderate Curvature Symmetric 0 Greater Than Half 
4569 Moderate Curvature Svmmetric Moderate Curvature Svmmetric 0 Worn 
4574 I Moderate Curvature ! Svmmetric Strano Curvature Svmmetric 0 Half 
4575 I Moderate Curvature Symmetric Strong Curvature Symmetric 0 Worn-Half 
4576 Strong Curvature ! SYmmetric Strong Curvature Asvmmetric Posterior 0 Half 
4579 Moderate Curvature ! Svmmetric Strano Curvature Symmetric 0 Half 
4581 Slight Curvature I Svmmetric Slioht Curvature Asymmetric Anterior 0 
4605 Slioht Curvature ! Asvmmetric Anterior Moderate Curvature I Symmetric 0 Less Than Half 
4606 Slight Curvature Asymmetric Anterior Moderate Curvature Symmetric 0 Greater Than Half 
4607 I Moderate Curvature Asymmetric Anterior Moderate Curvature Asvmmetric Anterior-concave 0 Half 
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S# PV Curv PV Width + ~ ~-Und Umb Cav Umb Prom Rows N No N N Prom N ~ 
4075 I Absent Absent 0 Absenl Absent 
4085 i Absent Absent! 7 0.0119 1.2 0 I Absent ! Absent 
4143 i Absent Absent 0.0167 0.4 0 Absent Absent 
4144 Absent Absent 0.0384 1 0 Absent i Absent 
4205 Absent Absent 10 0.0236 1 0 I Absenti Absent 
4212 Absent Absent 0 Absent i Absent 
4213 Absent Absent I 0.01291 1.7 0 Absent ! Absent 
4215 Absent Absent! 91 0.0581 1.81 0 I Absent i Absent 
4227 I Absent Absent 0.051 1.2 0 I Absent ! Absent 
4247 I Absent Absent ! 12 1 0.0458 0.8 0 Absent Absent 
4265 I Absent Absent 0 I Absent Absent 
4269 Absent Absent I 8 0.2183 1.9 0 Absent Absent 
4272 Absent Absent 0.0726 1.3 0 Absent Absent 
4275 Absent Absent 9 0.011 8 1 0 Absent Absent 
4279 Absent Absent 13 0.0123 1.6 0 Absent Absent 
4288 Absent Absent 10 0.0453 2 0 Absent Absent 
4295 Absent Absent! 0.0199 1.2 0 I Absent Absent 
4296 Absent Absent 0.0479 0.9 0 Absent Absent 
4297 Absent Absent 10 0.0193 1.2 0 Absent Absent 
4301 Absent Absent 0 0.9 0 Absent Absent 
4305 Absent Absent 121 0.0081 0.7 0 Absent Absent 
4308 Absent Absent 0.012 1.2 0 Absent Absent 
.4357 Absent Absent 0.0442 1.5 0 Absent Absent 
4358 Absent Absent 0.0394 0.8 0 Absent Absent 
4359 Absent Absent 0 Absent Absent 
4360 Absent Absent I 0.0092 1 0 Absent Absent 
4504 Absent Absent 8 0.0056 1 0 Absent Absent 
4507 Absent Absent 7 0.0289 0.9 0 Absent Absent 
4508 Absent 0.0887 0.61 0 Absent. Absent 
4510 Absent 0.0478 1.5 0 Absent ! Absent 
4511 Absent I 7 0.0066 0.9 0 Absent ' Absent 
4512 ' Absent I I 1.1 I 0 Absenti Absent 
4513 Absent Absent 11 0.0121 0.8 0 I Absent ! Absent 4517 Absent 0.0217 2.8 0 Absent! Absent 
4522 Absent Absent 13 0.0538 1.1 0 Absent ' Absent 
4523 Absent Absent 13 0.0116 1.2 0 Absent Absent 
4526 Absent Absent 13 0.0059 0.9 0 Absent Absent 
4529 Absent Absent 0.0299 1.4 0 Absent Absent 
4530 Absent Absent 0 1.3 0 Absent Absent 
4531 Absent Absent 0 0 Absent I Absent 
4532 Absent Absent 6 ' 0.0829 1.1 0 Absent Absent 
4533 Absent Absent 6 0.0497 0.5 0 Absent Absent 
4534 Absent Absent 0.0453 1.6 0 Absent ! Absent 
4535 Absent Absent 0.0161 0.3 0 Absent ! Absent 
4536 Absent Absent 0.0319 0.7 0 Absent Absent 
4538 Absent Absent 7 0.0275 0.6 0 Absent Absent 
4539 Absent Absent 0.1228 0.9 0 Absent Absent 
4540 Absent Absent 0.0212 0.4 0 Absent Absent 
4542 Absent Absent 12 0.0512 2 0 Absent Absent 
4545 Absent Absent 0.0126 1.8 0 Absent Absent 
4547 Absent Absent 14 0.025 0.8 0 Absent Absent 
4551 I Absent Absent 15 0.0066 0.9 0 Absent Absent 
4553 Absent Absent 14 0.0167 1.1 0 I Absent Absent 
4556 Absent Absent I 9 0.0899 1.4 0 Absent! Absent 
4557 Absent Absent 151 0.0169 1.1 0 Absent ! Absent 
4558 Absent Absent 121 ·0.0103 1.21 0 Absent! Absent 
4559 Absent Absent 12 0 Absent Absent 
4563 Absent Absent 9;10 0 Absent Absent 
4565 Absent Absent 12 0.0816 1.5 0 I Absent Absent 
4568 Absent Absent 0.01791 0.4 0 I Absent , Absent 
4569 Absent Absent 0 1.5 0 Absent Absent 
4574 Absent Absent ' 0.039 1 0 Absent Absent 
4575 I Absent Absent 0.09 2.7 0 Absent Absent 
4576 Absent Absent 9 0.419 1.7 0 Absent I Absent 
4579 Absent Absent I 10 1 0.18841 2.1 0 Absent Absent 
4581 Absent Absent! 0.0092 0.7 0 I Absent! Absent 
4605 Absent Absent I 0.0865 1 0 Absent Absent 
4606 I Absent Absent 0.0617 2 0 I Absent ! Absent 
4607 Absent Absent 0 .0332 0.8 0 Absent Absent 
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S# N Svm Hlnae Pl Tth She CT Prom CT Width LT Curv 
4075 Absent 
4085 Absent 4.4 Curved Posterior i 3.1 17.1 2.9 
4143 Absent 1.3 Orthoaonal 2.3 9 
4144 Absent 2.2 Obliaue Posterior 1.8 9 1.7 
4205 Absent 1.7 Curved Posterior 2.2 7.9 0.8 
4212 Absent 
4213 Absent 2.4 Curved Posterior 2.5 13.9 3.4 
4215 Absent 3.2 , Obliaue Posterior 2.3 14.7 1.5 
4227 Absent 3.2 Obliaue Posterior 2 10.4 2.1 
4247 Absent 1.2 Obliaue Posterior 2.5 8 1.5 
4265 Absent 
4269 I Absent 5.3 Obliaue Posterior 2.5 14.2 2.9 
4272 Absent 4 Oblioue Posterior 3 9.4 1.4 
4275 I Absent 1.4 Curved Posterior 1.2 6.9 1.7 
~ Absent 0.7 Curved Posterior 2.7 8.1 2 8 Absent 2.3 Curved Posterior 2.3 9.3 2.2 
4295 Absent 2 Curved Posterior 1.9 12.8 2.8 
4296 Absent 2.2 Obliaue Posterior 2.1 10.7 2.3 
4297 Absent 1 Obliaue Posterior 1.5 6.9 1.3 
4301 Absent 1.1 Obliaue Posterior/ 7.1 3 
4305 Absent 0.7 1 Obliaue Posterior 1 5.5 1.2 
4308 Absent 1.3 Obliaue Posterior 1.1 7.2 2.3 
4357 Absent 1.5 Obliaue Posterior / 10.4 2.2 
4358 Absent 2.6 2.6 8.9 2 
4359 Absent 
4360 Absent 3.5 Obliaue Posterior 2.1 
4504 Absent 1.2 Obliaue Posterior 2 10 1.9 
4507 Absent 1.4 Curved Posterior 2 12.1 2.7 
4508 Absent 2.31 Curved Posterior/ 3 12.3 2 
4510 Absent 2.1 Curved Posterior 3 9.9 2 .4 
4511 Absent 1.6 Curved Posterior 2 7.8 2.3 
4512 Absent 3.3 ObliQue Posterior 10 2 .4 
4513 Absent 1.2 Orthoaonal 2.8 I 8.7 1.4 
4517 Absent 1.2 Obliaue Posterior 9.1 1.9 
4522 Absent 1.8 Obliaue Posterior 11.1 1.7 
4523 Absent 0.7 Curved Posterior 1.8 8 2 
4526 Absent 1.1 Obliaue Posterior 1.6 8.6 1.5 
4529 Absent 2.7 Obliaue Posterior 2.1 8.4 2.3 
4530 Absent 3.4 Curved Posterior 2.1 9.1 1 
4531 Absent 
4532 Absent 3.1 Curved Posterior 3 12 2.5 
4533 Absent 3.8 . Curved Posterior 2.3 12.8 4 .1 
4534 Absent 2.1 Obliaue Posterior/ 10.2 3.3 
4535 Absent 2.5 Obllaue Posterior 1.8 11 .6 2.8 
4536 Absent 1.9 1 Obllaue Posterior 2 11 .9 2.1 
4538 Absent 2.8 Obliaue Posterior 1.7 11.5 3 
4539 Absent 3 Curved Posterior 2.6 9 3.5 
4540 Absent 2.2 Obliaue Posterior 12.1 2.5 
4542 Absent 1.5 Obliaue Posterior 2 2.3 
4545 Absent 1.8 / Obliaue Posterior 2 10 2.7 
4547 I Absent 1.2 Orthoaonal 1.1 6.9 0 .9 
4551 I Absent 0.7 Orthoaonal 1.7 7.1 2 
4553 Absent 1.1 Obliaue Posterior 1.4 7.4 1.9 
4556 Absent 1.9 Orthoaonal 2.4 13.9 2.4 
4557 Absent 1.9 / Curved Posterior 2 8.8 2.8 
4558 Absent 1.4 ; Orthogonal 1.3 6.6 1 
4559 I Absent 
4563 Absent 
4565 Absent 2 Obllaue Posterior / 2.5 10.2 2.4 
4568 Absent 1 Obliaue Posterior / 2 5.7 0.5 
4569 Absent 1.8 Orthoaonal 3.1 
4574 I Absent 1.8 Obliaue Posterior 2 8 1.9 
4575 I Absent 1.8 Orthoaonal 2 10.1 3 
4576 Absent 2.6 Oblioue Posterior 3.4 14.9 3.2 
4579 Absent 2.3 Obliaue Posterior 3.5 11 .7 2 
4581 Absent 4.4 Curved Posterior/ I 11 .8 2 
4605 Absent 3.21 Curved Posterior / 3 12.4 3.1 
4606 Absent 2.6 ! Curved Posterior 3 13.7 . 1.4 
4607 Absent 2.91 Curved Posterior 1.9 11 .3i 3.4 
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APPENDIX 2. DESCRIPTION OF CHARACTERS AND CHARACTER STATES 





























6. Disk Convexity 
0 Slightly Convex (5-1 lmm) 
1 Moderately Convex ( l l .1-l 6mm) 
2 Strongly Convex (> 16mm) 
191 
7. Anterior Robustness (robustness-I) 
0 Mildly robust (0-3.9mm) 
1 Moderately robust (4-5.9mm) 
2 Stoutly robust (>6mm) 
8. Central Robustness (robustness-2) 
0 Mildly robust (0-2 .9mm) 
1 . Moderately robust (3-4.9mm) 
2 Stoutly robust (>5mm) 
9. Posterior Robustness (robustness-3) 
0 Mildly robust (0-4.9mm) 
1 Moderately robust (5-7.49mm) 
2 Stoutly robust (>7.5mm) 
10. Umbonal Robustness (robustness-4) 
0 Mildly robust (0-4.49mm) 
1 Moderately robust ( 4.5-6.9mm) 
2 Stoutly robust (7-8.9mm) 
3 Very stoutly robust (>9mm) 
11 . Marginal Outline Shape 
0 Orbicular 
1 Ovate 
2 Ovate trigonal 
3 Ovate elliptical 
4 Elongate elliptical 
12. Anterior Margin Shape 
0 Slight Curvature 
1 Moderate Curvature 
2 Strong Curvature 
3 Very Strong Curvature 
13 . Anterior Margin Symmetry 
0 Symmetric 
1 Asymmetric ventral 
2 Asymmetric dorsal 
14. Posterior Margin Shape 
0 Slight Curvature 
1 Moderate Curvature 
2 Strong Curvature 




15. Posterior Margin Symmetry 
0 Symmetric 
1 Asymmetric ventral 
2 Asymmetric dorsal 
16. Ventral Margin Shape 
0 Slight Curvature 
1 Moderate Curvature 
2 Strong Curvature 
1 7. Ventral Margin Symmetry 
0 Symmetric 
1 Asymmetric anterior 
2 Asymmetric anterior-concave 
3 Asymmetric posterior 
18. Dorsal Margin Shape 
0 Slight Curvature 
1 Moderate Curvature 
2 Strong Curvature 
19. Dorsal Margin Symmetry 
0 Symmetric 
1 Asymmetric anterior 
2 Asymmetric posterior 
20. Posterior Slope Angle 
0 Not prominent 
1 Gentle slope (50-69°) 
2 Moderate slope (70-84°) 
3 Steep slope (>84°) 
21. Diverging Ridge Extent 
0 None 
1 Less than halfway 
2 Halfway 
3 More than halfway 
22. Posteroventral Ridge Curvature 
0 None 
1 Straight 
2 Slight curve posteriorly 
3 Curve to high curve posteriorly 
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24. Umbonal Ridges 
0 None 
1 Few ridges (5-7) 
2 Aven:ige number ofridges (8-12) 
2 Numerous ridges (>12) 
25. Umbonal Cavity Volume 
0 Negligible volume or hardly incised (0-.049g) 
1 Minimal volume or minimally incised (.05-.09g) 
2 Average volume or moderately incised (.1-.49g) 
3 High volume or deeply incised (.5-.99g) 
4 Profound volume or very deeply incised (>lg) 
26. Umbonal Prominence 
0 Faint visibility above hingeline when viewed internally (0-.79mm) 
1 Slightly pronounced above hingeline \·8-l.59mm) 
2 Moderately pronounced above hingelihe (l.6-2.99mm) 
3 Sharply pronounced above hingeline (>3mm) 
27. Rows of Nodes 
0 None 
1 One row 
2 Two rows 
28. Number of Nodes 
0 None 
1 Less than average (<4) 
2 Average ( 4-7) 
3 Greater than average (>7) 
29. Node Prominence 
0 None 
1 Less than average prominence (0-2) 
2 Average prominence (2 .5- 3) 
3 Greater than average prominence (>3) 
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]31. Node .Symmetry 
0 None 
1 Symmetric 
2 Asymmetric anterior 
3 Asymmetric posterior 
32. Width of the Cardinal Hinge Plate 
0 Narrow (O-l.59mm) 
1 Average (l.6-2.59mm) 
2 Wide (2.6-3.59mm) 
3 Very Wide (>3 .6mm) 
. 33. Cardinal Tooth Shape 
0 Orthogonal 
1 Angled anterior 
2 Angled posterior 
3 Curved anterior 
4 Curved posterior 
34. Cardinal Tooth Prominence 
0 Slightly prominent above hingeline when viewed dorsally (O- l .7rnm) 
1 Moderately prominent above hingeline (l .8- 2.9mm) 
2 Very prominent above hingeline (>3mm) 
35 . Cardinal Teeth Width 
0 Narrow (0-7 .9mm) 
1 Average (8-14.9rnm) 
2 Wide (>15rnm) 
36. Lateral Tooth Curvature 
0 Slight Curvature (O-l .49rnm) 
1 Moderate Curvature (l.5-2.49mm) 
2 Strong Curvature (>2.Srnm) 
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